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Jnembrane containa a voltage-~gated Ca

Block 20 - Continuedr-: L e T
mombranes tcmain 6ttached. The 11pid and protein composition of the T=tubule

{ vesicles differ greatly from that of the sarcoplasmic reticulum membrane.
-The T-tubule membrane is highly enriched in .certain proteiuns which have a

molecular welight of 220,000, 140,000, 70,000, 32,000 and 28,000. The sarco-
plasmic reticulum vesicles derived from the terminal clsternae are enriched

{1n.2 proteins with molecular wts of 320,000 and 350,000. The role that

these proteins may have in excitation-~contraction coupling is not known.

More than 15% of the protein in the T-tubule membrane binds to wheat germ
agglutinin indicating a large proportion of glycoproteins while less than 1%
of sarcoplasmic reticulum membrane proteins bind to wheat germ agglutinin.
_The_cholesterol content of T=tubule was 10X that of sarcoplasmic reticulum.

The permeability of the T-tubule membrane to monovalent and divalent cations
-was lower -than that.of the.sarcoplasmic reticulum. The permeability of the
T-tubule vesicles to K* was higher than that of Na‘* allowing of a resting
membrane potential by K gradients. The Calt permeability of T-tubule

vegicles was very low. The Ca-ATPase activity of the T-tubule vesicle was

| at least 100 fold lower that that- of the sarcoplasmic reticulum.. The T~

tubule membrane was unusually high 1in Mg-ATPase activity (10-20 umol/mg min).
The properties of the Mg-ATPase differed from those described for the Na,
K-ATPase, Ca,Mg~ATPase, myosin ATPase and the mitochondrial F) ATPase.

The Mg~ATPase was inactivated by ATP. This inactivation was prevented by
cross—linking the membrane proteins with lectins, antibodies or chemical

cross linkers., This enzyme was not specific for the T-tubule but also found

In the plasma membrane of other cells. The sarcoplasmic reticulum membrane
contains a Ca?* channel which {s activated by Cal* (Cal*-induced Cal* release).
Activation of this channel requires ATP and KCl (or similar salr); is inhibited
ns Mg** and rutherium red; and 1s greatly enhanced by halothane. The T-tubule
*+ channel which blnds the Ca2* channel
k'ocker nitrendipine. The Ca2* channel constitutes about 1% of the T-tubule
protain but its role in excitation-contraction coupling has vet to be clarified.
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Characterization of Transverse Tubule Vesicles Isolated From
Skeletal Muscle

Final Report 7/1/82--9/30/84

Introduction

Muscle contraction is initiated by the release of Ca from the sarcoplasmic

. -reticulum following depolarization 6f the T-=tubule (transverse -tubule)-by -

the action potential which i{s yenerated at the neuromuscular Junctions T 7
, The purpose of this research as originally stated was to
1. TIsolate T-tubule vesicles from rat skeletal muscle,
P

2. Characterization of the protein, lipid, and carbohydrate content of
T-tubule vesicles}
3. Ildentify T-tubule specific proteins,

/

4. Characterize the excitability of isolated T-tubule vesicles, T

5. Investigate the interaction between T-tubule vesicles with sarcoplasmic
reticulum vesicles. *

‘ The overall goal 1s to Increase our uanderstanding of the excitation-contraction

coupling process by isolating the membranes involved in the Ca release process
and study their functional and physical properties.' This report covers the
results that have been obtained in our laboratory in the last two years.

Isolation of T-tubule Membrane
T~tubule membranes from rat skeletal muscle have been prepared by three methods.

Method 1. Triads (T-tubule and sarcoplasmic reticulum vesicle still attached)
are first isolated from the mitochondrial fraction using density gradient
centrifugation on sucrose and Percoll gradients. The T-tubule {3 then
separated from the terminal cisternae by French press treatment followed

by sucrose gradient centrifugation.

Method 2. T-tubule vesicles can also be prepared from the microsomal
fraction (1), The microsomes are fractionated by 2 successive sucrose
gradient centrifugationa. The low demsity vesicles obtained at the 10-27%
sucrose interface of the second gradient have a high content of cholesterol,
Na*,K*--ATPase, glycoproteins, and nitrendipine-binding sites and therefore
are beleived to consist of T~tubule vesicles although there may also be
plasma membrane present. These T-tubule vesicles may be freed from the
terminal cisternae of the sarcoplasmic reticulum during the homogenization
of the muscle or izay consist of non-junctional T-tubule membrane.

Method 3. The last method used to prepare T-tubule membranes is simiiiar
to method 2 except the muscle 1s treated with .5 M LiBr, SO mM Tris (pH
8.5) to remove the actin-myosin fibers. The yield of T-tubule membrane
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obtained by this method was 10 times that of the other methods but the
vesicles were "leaky” &after the LiBr treatment.

L The protein composition of the T-tubule vesicles prepared by the 3
methods was similar with major proteins having molecular weights of
220 000, 140 000, 70 0CO, 32 000 and 28 000, Other proteins were
found enriched in one preparation but low in another. The signifi-
cance of this is not knownm.

ATPase SC!lVity of T-tubule Membrane (71)_' e - R e T i

e ,1%.;“..._.. et

The Ca-ATPase mediates the transport of Ca and is the major protein found
in the sarcoplasmic reticulum membrane. The Ca-ATPase activity in the T-
tubule vesicle is at least 100 times less than that of the sarcoplasmic
reticulum. On the otherhand, the basal Mg-ATPase activity was very high
in the T~tubule membrane. This ATPase was found to have some very
interesting and unique properties. The rate of ATP hydrolysis by the
Mgz*-ATPase was nonlinear but declined exponentially. The {nactivation
of the M32+-ATPase was dependent on the presence of ATP or its analogue i
AMPPNP. Wheat germ agglutinin, concanavalin A, antiserum or cross—~linking ;
. reagents such as glutaraldehyde could prevent inactivation. Detergents 1
at low concentration accelerated the rate of inactivation but did not
significantly influence the initial rate of ATP hydrolysis. This data
tndicate that the inactivation of the MgZ*-ATPase by ATP requires the
mobility of the membrane protein. Cross-linking the membrane proteins
with lectins, antiserum or glutaraldenyde blocks inactivation; increasing
the memberane fluidity with detergents increases the rate of inactivation.
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The function of the Mgz*-ATPase is not known but an enzyme with similar
properties was found in brain, kidney, spleen, lung, heart, liver and
, adipose tissue.
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The T-tubule membrane was also enriched in Na K~ATPase activity which
could not be detected in the sarcoplasmic reticulum membrane.

Ion (Na, K, Ca) permeability of T-tubule vesicles

haRhavi - i b Fu i L UL B D AL THIET ST
it ikl

The regulation of ion fluxes across the T-tubule membrane is closely
related to the excitation-contraction coupling process. The T-tubule
membrane contains both voltage-gated Na* and Ca?* channels and transport ;
syst>ms that maintain the Na*, K*, and CaZ* gradients across the membrane. £
We lLiave measured the resting membrane potential of T-tubule vesicles i
gert rated by K* gradients using voltage sensitive optical probes. The 1
1s0lated Ttubule vesicle Bad a K* permeability that was at least 10 :i
times that of Na. The Ca‘* permeability was very low (tl/2 =15 min) despite g
th- presence of the voltage gated Ca channel. Attempts to activate the i
Ca channel by altering the membrane potential of with BayK 8644 was '
unsuccessful. Inactivation of the Ca channel when removed from the cell
is a common observation. 1t {s likely thar some metabolite or factor
from the cell is required for activation. ,i
]
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Ca release from Triad junctious

Sarcoplasmic reticulum can be separated into several subfractions;
low=density sarcoplasmic reticulum vegicles, high deasity earcoplasmic
reticulum vesicles and triad junctions.

The low-density aund high~density sarcoplasmlic reticulum vesicles are
obtained by separating the microsomal fraction by sucrose gradient

centrifugation, The high density earcoplasnic reticulum vesicles are

sarcoplaemic reticulum yeq;iles ‘are believed to be derived from the
nonjunctional sarcoplasmic reticulum. The triad juactions are obtained
from 1000-15000 g fraction. The mitochondrial and myofibril contamilnation
is removed form the triad junctious by centrifugation on Percoll and
sucrose gradlents. Low concentrations of Ha.othane (.1-.5mM) iunduce the
release of Ca2* from the high density sarcoplasmic reticulum vesicles aud
the triad juaction fractlons but does not affect Ca2* accumulation by the
low~density sarcoplasmic reticulum. Nor does this conceutration of
Halothane induce the release of Cal* from liposomes prepared with lipids
extracted from heavy sarcoplasmic reticulum vesicles. Halothaue—-induced
CaZ* release required ATP and was inhibited by Mg 2+ (1-10 wM) and ruthenium
red (.5-2 uM)., The data suggest that Ca2* release 1s induced by Halothane
at specific sites on the sarcoplasmic reticulum membrane and that these
sites are probably in the terminal cisternae. This raises the possibility
the Halothane-induced Cal* release occurs at the same site which releases
cal* dutriog excitation—contraction coupling. The mechanism by which
Halothane {uitiates Cal* release from sarcoplesmic reticulum vesicles may
be the same mechanism by which Halothane {nduces malignaunt hyperthermia in
susceptible individuals. Malignant hyperthermia 18 beleived to be caused
by {lucreased Cal*release from the sarcoplasmic reticulum.

Cal* also fnduces the release of Cal* from the isolated triad (Cal*-i{nduced
CaZ* release). This Cal+ activated Ca release has the same properties

as the Halothane-induced Cal* release. Indeed, the Halothaune-~induced

Ca2* relesse required the presence of exteraal Caz*. Therefore, it

is ttikely that Ca2*~i{nduced Cal* release and the Halothane-{nduced

Ca release are mediated by the same system.

Other studies

Effect of Na3V0, and Membrane Potential on the Structure of Sacroplasmic
Ret{culum Membraune(2)

Two-dimensional crystslline arrays of Cal*-ATPage molecules deve%op after
treatment of sarcoplasmic reticulum vesicles with NajVO, in a Ca® ~free
mediun. The {nfluence of membrane potentlial upon the rate of crystallization
was studied by fon substitution using oxonol VI and 3,3'~diethyl-2,2'-
thiadicarbocyanine (Di~5-C»(5)) to moonitor inside positive or inside

negative membrane potentials, respectively. Positive trausmembrane

potential accelerates the rate of crystallization of Caz*-ATPase, while
negative potential disrupts preformed Ca2*+-ATPase crystals, suggesting an
influence of transmembrane potential upon the couformation of Ca2*-ATPase.
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Measurement of Cal* translocation by Arseunaro IIl--loaded Sarcoplanmic
Reticulum Vesicles (3)

Release of Ca2* from the (CaZ* + Mg2+)-ATPase into the interior of latact
sarcoplagsmic reticulum vesicles was measured using arsenazo III, a
metallochromic indicator of CaZ*, Arsenzo I1l was placed inside the
sarcoplasmic reticulum vesicles by making the vesicles trausiently leaky

with an osmotic gradient {n the ptesence of arsenazo 11I. External

arsenazo III was then removed by centrifu atlon. Addition of ATP to the
—(Calt +Mg 2+)_ATPase-in -the- presence. of Ca<' causes_ the_ rapid phophorylatiou )

" of the entyme at which time the bound Cal* becones inaecesalble to - - .

external EGTA. The release of Cal* from-the (Cal* +_Mgl+)-ATPase

to the i{nterior of the vesicle measured with {ntravesiculat arsenazo III

was much slower indicating that there is an occluded form of the Ca?*~binding
slte which precedes the release of Ca2* {ato the vesicle. The rate of

Ca2* accumulation by sarcoplaamic reticulum vésicles {s increased by

K* (5-100mM) and ATP (50-1000 u M) but the initlal rate of Cal* trauslocation
measured after the simultaneous addi{tion of ATP and EGTA to vesicles

that were preiucubated in CaZ* was unot fofluenced by these coucentratlons

of K* and ATP.
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THE RATE OF Ca** TRANSLOCATION BY SARCOPLASMIC RETICULUM (Ca?* 4+ Mg?*)-ATPase
MEASURED WITH INTRAVESICULAR ARSENAZO Il

TROY BEELER and JEANNE KEFFER
Department of Biochemistry, Uniformed Services University of the Health Sciences, 4301 Jones Brudee Road, Bethesda, MD 20814
TSN

{Received December 21at, 19R3)

Kevwords: (Ca”* + Me™ ' )- ATPase: Ca” ' transport; Arsenazo HI: Membrane vesicle: Sarcoplasmic reticulum; (Rubbir skeletal
musele)

Release of Ca?* from the (Ca®* + Mg“)-ATPasc into the interior of intact sarcoplasmic reticulum vesicles
was measured using arsenazo 111, a metallochromic indicator of Ca2*. Arsenazo 11 was placed inside the
sarcoplasmic reticulum vesicles by making the vesicles transiently leaky with an osmotic gradient in the
presence of arsenazo 111, External arsenazo I1I was then removed by centrifugation. Addition of ATP to the
(Ca?* + Mg?*)-ATPase in the presence of Ca?* causes the rapid phosphorylation of the enzyme at which
time the bound Ca’* becomes inaccessible to external EGTA. The release of Ca** from the (Ca** +
Mg2*)-ATPase to the interior of the vesicle measured with intravesicular arsenazo HI was much slower
indicating that there is an occluded form of the Ca?* -binding site which precedes the release of Ca?* into the
vesicle. The rate of Ca>* accumulation by. sarcoplasmic reticulum vesicles is increased by K* (5-100 mM)
and ATP (50-1000 p M) but the initial rate of Ca?* translocation measured after the simultaneous addition
of ATP and EGTA to vesicles that were preincubated in Ca2* was not influenced by these concentrations of
K* and ATP.

Introduction Following the binding of external Ca** to the
high affinity Ca®*-binding sites on the (Ca®* +

Ca’'  transport by sarcoplasmic reticulum Mgz" )-ATPase (Step 1), the enzyme is rapidly
p y p p prdiy

vesicles is mediated by the (Ca®' + Mg*')-
ATPase. The generally accepted mechanism for
(Ca®’ + Mg* ' )-ATPase is shown in Scheme 1
[1-4}.

2Cs*? ATP ADP

E K Ca,E k Ca, E:ATP <—A—o CaE~npP
7 ? 2 ' 3 2
E ’{ : e[ Er—P 475* CayEe~P

Pi H,0 2Ce*?

Ahbreviation: EGTA, ethyleneglyeol bisg fl-aminocthyl ether)-
NN etraacetic acid.

OONS-2736 /%4 /80306« 1984 Lidsevier Scienee Publishers BV,

.phosphorylated by ATP (Step 3). The phosphory-

lation presumably causes a conformational change
of the ATPase which alters both the affinity and
orientation of the Ca®' binding sites (Step 4).
Ca’' is then released into the lumen of the
sarcoplasmic reticulum (Step 5) and the phos-
phoenzyme bond is hydrolyzed (step 6).

Upon phosphorylation. the Ca*' bound to the
(Ca®' + Mg? " )-ATPase rapidly becomes inacees-
sible to external EGTA [5-8]. Addition of ADP

along with EGTA causes the rapid release of Ca®

due to the reversal of Step 3 [R-10]. Dupont
demonstrated that the release of Ca®' by EGTA
+ ADP was much faster than the relase of Ca™!

BEST AVAILABLE COPY
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from the phosphoenzyme by EGTA + XS37A (a
Ca” " tonophore) [8]. The former condition causes
the reversal of Step 3 while the latter condition
depends on the rate at which Ca®' s released
from the (Ca®" + Mg " )-ATPase into the interior
of the sarcoplasmic reticulum vesicle and trans-
located out of the vesicle by X527A. It is also
possible that X$37A directly removes Ca®' bound
to the protein at a site not exposed to the aqueous
phase [11,12].

We have developed a more direct method to
measure the rate of Ca®* release from the (Ca®* +
Mg?*)-ATPase into intact vesicles using the Ca®’
indicator arsenazo Il inside the vesicle. Our re-
sults indicate that the release of Ca’* into the
interior of the vesicle is relatively slow while the
removal of bound Ca*" from the external medium
is quite rapid. Therefore the Ca®* must reside in
an occluded form during much of the transport
cycle.

Methods and Materials

45CaCl, and [y-*?PJATP were purchased from
New England Nuclear (Boston. MA). All other
chemicals were obtained from Sigma (St. Louis,
MO).

Methods

Preparation of arsenazo l1l-loaded sarcoplasmic
reticulum vesicles. The microsomal fraction from
rabbit skeletal muscle was prepared as previously
described [13). The microsome fraction contains
mostly fragmented sarcoplasmic reticulum vesicles.
This fraction was then placed on a 30-45% sucrose
gradient and centrifuged for 15 h at 4°C at
100000 X g. The low-density sarcoplasmic reticu-
lum vesicle fraction (32-34%) was removed from
the gradient and diluted 1:7 into 20 mM arsenazo
11/25 mM MgSO, (pH 6.8). The osmotic imbal-
ance across the membrane of the vesicles causes
them to swell [14] allowing the influx of arsenazo
111, The free arsenazo I was then removed by
collecting the sarcoplasmic reticulum by centrifu-
gation (100000 X g for 30 min.) and resuspending
them in arsenazo I11-free medium (0.15 M potas-
stum glutamate/ 10 mM histidine /5 mM MgS80O,/
0.5 mM EGTA /0.45 mM CaCl,). The centrifuga-
tion was repeated four times. The final pellet was

resuspended to a protein concentration of 16
mg/ml. frozen in liquid nitrogen, and stored at
-70°C.

Phosphorvlation of the (Ca” ' + Mg" " )-ATPase
by ATP. Ca** transport was initiated in medium
containing 0.1 mM [y-PPJATP (1 pCi/ml). At
various times the reaction was stopped by the

addition of 5% trichloroacetic acid. 0.1 M
KH,PO,. 5% polyphosphate. The samples were
centrifuged at 1000 X g for 20 min. The super-
natant was removed and the amount of **PO,
determined by the method described by De Meis
and Carvalho [15]. The pellets were washed three
times by centrifugation using the trichloroacetic
acid solution, The final pellet was resuspended in
Lowry C reagent [16] and the amount of P in the
pellet was determined by measuring the Cerenkov
radiation in a scintillation counter. The protein
content in each sample was then assayed by the
method of Lowry et al. [16]. '

Results

Our procedure for preparing arsenazo l11-loaded
sarcoplasmic reticulum vesicles did not differ from
the standard way of isolating sarcoplasmic reticu-
lum vesicles except that the vesicles obtained from
the sucrose gradient following centrifugation were
diluted into an arsenazo Ill-containing medium.
The transient swelling of the sucrose-equilibrated
vesicles following dilution in a hypotonic solution
made the membrane leaky [14] allowing arsenazo
I11 to enter the vesicles. Following equilibration of
the vesicles, the extravesicular arsenazo IIl was
then removed by centrifugation. Neither the

01§
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Fig. 1. Difference spectrum of arsenazo Hl-loaded sarcon
lasmic reticulum vesicles following Ca®* uptake, The -

and reference cuvettes contained (L15 M potassiom gluta, -
10 mM histidine, 5 mM MgSO,, 50 uM CaCl, and arse: .. -
H-loaded sarcoplasmic reticulum (0.4 mg/ml protein). The
spectrum was taken 1 min after the addition of 0.1 mM ATP 10
the sample covette. Temperature = 1°C,
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Ca’ ' -loading capacity (120 150 nmol Ca®' /mg)
nor the Ca® " -dependent ATPase activity (0.5 0.8
pmol mg min) at 25°C was significantly altered
by the arsenazo 11 loading procedure.

Fig. 1 shows the difference spectrum of arsenazo
H1-loaded vesicles following the addition of ATP
in the presence of Ca” ', Under these conditions
the vesicles accumulate Ca” . The spectrum is
identical to the difference spectrum obtained when
25 mM Ca'’ is added to the sarcoplasmic reticu-
lum vesicles in the presence of the Ca** iono-
phore. A23187. In the absence of free Ca’', ATP
did not alter the arsenazo HI spectrum. Following
Ca®" uptake by the sarcoplasmic reticulum
vesicles, removal of the free extravesicular Ca** by
EGTA did not have an immediate effect on the
arsenazo {1 spectrum. These experiments demon-
strate that arsenazo I was responding only to
intravesicular Ca? " .

The use of intravesicular arsenazo 1 the mea-
sure the rate of Ca** influx is demonstrated in
Fig. 2. Ca*' influx at 1°C was initiated by the
additionof 2.5 mM Ca®* or the addition of ATP

to activate Ca®’ transport. The rate of passive.

Ca** influx was dependent on the external Ca®*
concentration and was increased by the addition
of A23187. At 25 mM Ca**. the absorbance
change of the intravesicular arsenazo 111 was not
linear. About 17% of the Ca*-induced ab-
sorbance change occurred relatively fast (first order
rate constant = 0.23 s~ '),  This initial phase was

ABSORBANCE

7 I T 80

SECUNDS

Fig. 2. Absorbance change of arsenazo H-loaded sarcoplasmic
reticulum during Ca** influx. The sample contained 0.1 M
potassium glutamate, 10 mM histidine (pl 6.8), 5§ mM MgSO,.
SO M CaCl, and arsenazo Hi-loaded vesicles (0.4 mg/ml
protein), Ca® ' influx was initiated by the addition of 2.5 mM
CaCl, (---), 25 mM CaCl, and 2.5 uM A23I87 (- - ). 2.5
mM CaCl, and 10 M A23IK7 (- - -), or 0.1 mM ATP
{ ————1), The absorbince change of arsenazo HI was moni-
tored at 660 nm using 685 nm as o reference wavelength,
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Fig. 3. Effect of EGTA on the absorbunce change of arsenazo
H1-loaded sarcoplasmic reticulum vesicles during Ca® ' uptake.
The samples contain 0.1 M potassium glutamate, 10 mM
histidine, 5 mM MgSO,. 50 pM CaCl, and arsenazo H-loaded
sarcoplismic reticulum vesicles (0.4 mg/ml protein) at 1°C. At
the indicated time, ATP (0.1 mM). EGTA (1 mM), CaCl, (0.9
mM) or ADP (1 mM) was added. The absorbance change of
arsenazo 1H at 660 nm was monitored using 685 nm as o
reference wavelength.

followed by a much slower one in which the
absorbance change was less than 3-107% 44/ min.
The addition of 10 uM A23187 increased the rate
of Ca** influx 300-fold. The rate of Ca** influx in
the presence of 2.5 mM CaCl, and 2.5 uM A23187
was similar to the rate measured during active
Ca’* transport at an external Ca** concentration
of 50 uM.

As stated before, the removal of external Ca™’
by EGTA after Ca** loading does not cause an
immediate change in the arsenazo 1 absorbance
(Fig. 3. trace A). But the addition of EGTA to the
vesicles before ATP prevents Ca® ' uptake and the
corresponding absorbance change of arsenazo {11
(Fig. 3. trace B).

When ATP and EGTA are added at the same
time, only the Ca** initially bound to the (Ca®* +
Mg?*)-ATPase can be transported (Fig. 3. trace
C){5.7.22-24]. This is demonstrated by the experi-
ment shown in Fig. 4. Ca” ' uptake was measured
using **Ca®* as a tracer. When the arsenazo 111-
louded vesicles were equilibrated with the **Ca”’
containing solution, addition of ATP caused a
rapid accumulation of about 4 nmol Ca®' /mg
protein which was followed by a much stower rate
of Ca®* uptake (0.4 nmol /s per mg). The steadv-
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Fig. 4. Ca®* uptake by sarcoplasmic reticulum. The medium
contained 0.1 M potassium glutamate, 10 mM histidine (pH
6.8). 5.0 mM MgSO, 50 aM** CaCl, (1 ECi/ml), and either
arsenazo I1-loaded sarcoplasmic reticulum vesicles (0.4 mg/ml
protein) (0.0 or 0.1 mM ATP (O) at 1°C. Ca®* uptake was
initiated by the addition of ¢ither 0.1 mM ATP (@.0). 0.1 mM
ATP+1 mM EGTA (). or sarcoplasmic reticulum vesicles (0.4
mg/ml protein) (O) preincubated in potassium glutamate
medium without ** Ca. To one of the samples (D). 1| mM EGTA
was added 1 s after the ATP addition. At various times, the
samples were diluted 1:10 with 0.1 M potassium glutamate. 10
mM histidine (pH 6.8). S mM MgSO, and 1 mM EGTA and
passed through Millipore HA filters. The filters were im-
mediately washed with 2 ml of EGTA wash solution. After
drying the filters, the amount of *Ca* bound to the filters
was measured in a scintillation counter using a nonaqueous
counting solution.

state level of the phosphorylated intermediate of
these vesicles was about 2.5 nmol E-P/mg protein
(Fig. 5). Even when EGTA was added together
with ATP there was a rapid uptake of about 3
nmol Ca’?* /mg but no subsequent accumulation
since the free Ca?* was chelated by EGTA. When
Ca®* transport was initiated by the simultancous
addition of ATP and *Ca’* to vesicles equi-
librated in the absence of 4*Ca, there was no burst
of ¥*Ca’* uptake since only the unlabeled bound
Ca®* was carried by the first turnover. The ap-
pearance of the bound Ca’* in the interior of
sarcoplasmic reticulum vesicle following ATP
addition as detected by intravesicular arsenazo 111
was much slower (first order rate = 0.45 s~ !) (Fig.
3, trace C) than the rate at which it becomes
inaccessible to external EGTA. The rate of Ca*’
release into the interior of the vesicle was com-

(nmo/mg)

H{@)ORE~P(O.AD)

0 3 1 L
0 10 20 30 40 50 60
SECONDS

Fig. 5. Formation of the phosphoryvlated enzyme intermediate
and the release of inorganic phosphate by the (Ca®* +Mg® " )-
ATPase during Ca®* transport. The medium contained 0.1 M
potassium glutamate. 10 mM histidine (pH 6.8). 5 mM MgSO,.
0.1 mM [y-*2PJATP (1 uCi/ml). and ‘either 50 xM CaCl,
(4.0.0)0r 1.0 mM EGTA (O). Ca** transport was initiated by
the addition of sarcoplasmic reticulum vesicles (0.4 mg/ml)
which were equilibrated in potassium glutamate solution con-
taining 50 pM CaCl,. To one sample. 1 mM EGTA was added
to the medium 2 s after the reaction was initiated (a). All
values represent the Ca®*-dependent E~P formation or
Ca®* -dependent release since the background obtained from

" experiments in which the vesicles and media contained 1 mM

EGTA was subtacted from the data obtained when the medium
and/or the vesicles contained Ca®*.

parable to the rate at which the phosphoenzyme
intermediate decomposes (Fig. 5).

When 1 mM ADP was added along with ATP
and EGTA. neither Ca®* translocation (Fig. 3.
trace D) nor *Ca** uptake (data not shown)
[9.10] was observed. Since ADP accelerates the
reversal of Step 3 of Scheme | it is likely that in
the presence of ADP the rate of Ca** release by
the reversal of steps 1-4 or steps 1-3 is much
faster than Ca®* translocation (steps 3-5).

The (Ca®* + Mg**)-ATPase is activated by K
[25-31] and high concentrations of ATP [32-35].
The initial rate of absorbance change of arsenazo
Ill-loaded vesicles during Ca®* uptake at 1°C
increased from 5.1 - 10" * 4 A4 /s in the presence of
2mM K*® 1011-107* AA4/s in the presence of
100 mM K™ (Fig. 6). Increasing the ATP con-
centration from 50 pM to 1.0 mM increased the
initial rate of absorbance change from 9.5-10 *
4A4/s51021-107* A A /s (Fig. 7A). Since the K,
of the Ca’*-ATPase for ATP is about 3 uM [9].
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Fig. 6. Effect of K* on the rate of Ca®* translocation by
sarcoplasmic reticulum. The medium contained 10 mM histi-
dine (pH 6.8), 5.0 mM MgSO,. 50 pM CaCl,, arsenazo 11I-
loaded sarcoplasmic reticulum vesicles (0.4 mg/ml) and vary-
ing ratios of 0.2 M glycine and 0.1 M potassium glutamate.
Ca®* uptake was initiated by the addition of 0.1 mM ATP
(teft) or 0.1 mM ATP+1 mM EGTA (right). The absorbance
change at 660 nm was monitored in an Aminco DW-2 spectro-
photometer in the dual wavelength mode using 685 nm as the
reference wavelength.

S sec

|

103

most of this increase in the uptake rate is attri-
buted to an activation of an intermediate step in
the reaction cycle. When Ca’* transport was ini-
tiated by the simultaneous addition of ATP and
EGTA there was no effect of high concentrations
of ATP (0.1-1.0 mM) (Fig. 7B) or K* (Fig. 6) on
the appearance of Ca’* inside the vesicles. This
data suggests that K* and ATP activate an inter-
mediate reaction which follows the release of Ca*
into the vesicle.

It was previously demonstrated that Ca®”
transport is activated by inside negative membrane
potentials generated by K* gradients in the pres-
ence of the K™ ionophore valinomycin [36-38]. In
order to measure the effect of K* gradients on the
rate of Ca** transport at 1°C, arsenazo l11-loaded
vesicles equilibrated in potassium glutamate were
diluted 50-fold into either glycine or potassium
glutamate medium containing valinomycin. When
Ca®" transport was initiated at the time of the
dilution. the rate of Ca’* uptake in the glvcine
and potassium glutamate solutions monitored by
both the absorbance change of the intravesicular

ATP+ 1mM EGTA B
25 M ~menn,

N M
5 pMA A M
10 o L\\\::’\A'W\M\’
100 yMann~ \\.‘MMM
500 pMomcn~
1000 pM

IA! =.002
5 sec

Ry

Fig. 7. Effect of ATP on the initial rate of Ca®* translocation into sarcoplasmic reticulum vesicles. The medium contained 0.1 M
potassium glutamate, 10 mM histidine (pH 6.8). 5 mM MgSO,. 50 xM CaCl,. and arsenazo H11-loaded sarcoplasmic vesicles (0.4
mg/ml). Ca?* transport was initiated by the addition of varying amounts of ATP with (Panel B) or without (Panel A) 1 mM EGTA.
The absorbance change of arsenazo 111 at 660 nm was monitored in an Aminco DW-2 spectrophotometer in the dual wavelength
mode using 685 am as a reference wavelength. An increase in the asorbance at 660 nm is indicated by downward trace.
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arsenazo 11 (as in Fig, 6) or by the accumulation
of ¥Ca®* (as in Fig. 5) was essentially the same.
Allowing the vesicles to equilibrate in the dilution
medium before the initiation of Ca’* transport
gives the same results as shown in Fig. 6. Under
these conditions (1°C) the activation of Ca®*
transport by K* is the same whether the K* is on
both sides of the membrane or just on the internal
side. At 15°C, the rate of Ca** accumulation of
K *-equilibrated vesicles was much greater in
glycine (+ valinomycin) than in potassium gluta-
mate (+ valinomycin) medium [37].

The rate of Ca** translocation measured by the
absorbance change of arsenazo lll-loaded sarcop-
lasmic reticulum vesicles equilibrated in potassium
glutamate medium following a 50-fold dilution
into glycine medium containing ATP, EGTA and
valinomycin did not significantly differ from that
observed after diluting into potassium glutamate
medium containing ATP and EGTA. These ex-
periments along with the one in Fig. 6 indi:ate
that the rate of the initial Ca®* translocation by
vesicle equilibrated in K* medium is the same in
glycine medium as that in potassium glutamate
even when a K* gradient (and therefore a mem-
brane potential [37-39}) is present.

Discussion

A technique was developed to prepare sarcop-
lasmic reticulum vesicles loaded with arsenazo HI.
Other optical probes such as chlortetracycline
[40.41] and 8-anilino-1-naphthalenesuifonate
{12,42-44]) can measure internal Ca’* but they
lack specificity and have slow response times. The
response time of arsenazo I1l is quite rapid (Ca’*
on an off time = 2-5 ms) [45,46] and the change in
the absorbance spectrum of arsenazo Il due to
Ca?* is very different than that caused by changes
in the Mg?* or H* concentration. Because the
affinity of arsenazo Il for Ca* is so high and the
amount of dye that is trapped by the vesicles (= 3
nmol /mg protein) was well below the capacity of
the vesicles to accumulate Ca?*, the intravesicular
arsenazo 111 rapidly became saturated with Ca?*
after initiation of Ca®* transport. This makes
quantitation of the amount of Ca?* translocated
difficult. A Ca?* indication of much lower affinity
would be more useful in measuring the intravesicu-

lar Ca®* concentration during Ca* ' accumulation.
Using the same loading technique we were unable
to prepare vesicles with the Ca®' indicators,
murexide or antipyrylazo III, due to problems
with solubility of the probes and damage to the
vesicles.

The appearance of Ca** within the vesicle upon
the initiation of Ca*" transport was much slower
than its removal from the external medium. This
provides direct evidence for an occluded state dur-
ing Ca®* uptake [8.24.47]. Ikemoto [48] measured
the rate of Ca®* release from isolated (Ca** +
Mg?*)-ATPase following phosphorylation with 5
pM ATP at 22°C, This preparation did not accu-
mulate Ca** due to the leakiness of the membrane
following Triton X-100 treatment. Ca’* release
followed E-P formation with a lag time of 15 ms.
At -this low ATP concentration. the maximum
phosphorylation level (0.1 mol E-P/mol ATPase)
was reached within 150 ms after ATDP addition
while the maximum level of Ca’* release (0.24 mol
Ca** /mol ATPase) was reached after 250 ms. The
work presented here confirms that with intact
vesicles, there is a lag time between phosphoryla-
tion ard Ca** release from the (Ca’* + Mg~ ' )-
ATPase.

Although the rate of Ca** transport is in-
creased by K* (10-100 mM) and by ATP (50-1000
M), the initial rate of Ca®* translocation was not
influenced by K* or high ATP concentrations.
The most likely explanation is that K* and ATP
activates an intermediate reaction which follows
the release of Ca** from the (Ca** + Mg*™*)-
ATPase into the interior of the vesicle.
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A procedure was developed to isolate 2 membrane fraction of rat skeletal muscle which contains a highly
active Mg2*-ATPase (5-25 pmol P,/mg min). The rate of ATP hydrolysis by the Mg?*-ATPase was
nonlinear but decayed exponentially (first-order rate constant > 0.2 s~ ' at 37°C). The rapid decline in the
ATPase activity depended on the presence of ATP or its nonhydrolyzable analog 5’-adenylyl im-
idodiphosphate (AdoPP{NH] P). Once inactivated, removal of ATP from the medium did not immediately
restore the original activity. ATP- or AdoPP[NH] P-dependent inactivation could be blocked by concanavalin
A, wheat germ agglutinin or rabbit antiserum against the membrane. Additions of these proteins after ATP
addition prevented {urther inactivation but did not restore the original activity. Low concentrations of ionic
.and nonionic detergents increased the rate of ATP-dependent inactivation. Higher concentrations of
detergents, which solubilize the membrane completely, inactivated the Mg?*-ATPase. Cross-linking the
membrane components with glutaraldehyde prevented ATP-dependent inactivation and decreased the sensi-
tivity of the Mg?*-ATPase to detergents. It is proposed that the regulation of the Mg?*-ATPase by ATP
requires the mobility of proteins within the membrane. Cross-linking the membrane proteins with lectins,
antiserum or glutaraldehyde prevents inactivation; increasing the mobility with detergents accelerates
ATP-dependent inactivation.

Introduction the Mg?*-ATPase has not been identified.

Fernandez et al. []1] demonstrated that vesicles

The microsomal subcellular fraction of skeleta]
muscle contains both a Ca®*-dependent ATPase
and a Ca**-independent Mg?*-ATPase. The
Ca’®*-ATPase mediates the active transport of Ca**
into the sarcoplasmic reticulum. The function of

Abbreviations: ADA, N-(2-acetamido)-2-iminodiacetic acid;
Mops. 3-{ N-morpholino)propanesulfonic acid: EDTA, ethyl-
enediaminctetraacetic acid: EGTA. ethylene glycol bis( 8-
aminoethyl ether)-N, N'-tetraacetic acid; PMSF, phenylmethyl-
sulfony! fluoride; CCCP. carbony! cyanide m-chlorophenylhy-
drazone; FCCP, carbonyl cyanide p-trifluoromethoxyphenyl-
hyvdrazone: AdoPP{NH]P, S5’-adenvlyl imidodiphosphate;
Chaps. 3-{(3-cholamidopropvl)dimethylammoniojpropane-
sulfonate; Chapso. 3-[({3-cholamidopropyl)dimethylammoniol-
2-hydroxy-1-propanesulfonate.

0005.2736 /83 /30300 ¢ 1983 Elsevier Science Publishers B.V.

containing the Mg2*-ATPase from rabbit skeletal
muscle can be separated from sarcoplasmic reticu-
lum vesicles by first selectively loading the sarco-
plasmic reticulum with calcium phosphate to in-
crease their density and then fractionating the
microsomes by sucrose density centrifugation. The
Mg?*-ATPase was associated with those vesicles
which migrated to a d=nsity between 1.09 and 1.13
g/ml. There are various other reports in the litera-
ture on the preparation of a low density subfrac-
tion of skeletal muscle microsomes which have
high Mg2*-ATPase activity [2-6]. Antibodies
specific to the low density vesicle fraction pre-
pared from rabbit skeletal muscle were shown to
bind in the region of the transverse tubule [4].
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Malouf and Meissner [5] used cytochemical tech-
niques to demonstrate a highly active Mg?*-
ATPase in the plasmalemma and transverse tubule
of chicken pectoralis muscle.

The purpose of the studies reported here is to
investigate the effect of perturbation of the mem-
brane by detergents, lectins, antiserum and
glutaraldehyde on the Mg?*-ATPase. Investiga-
tions on the regulation of the Mg?*-ATPase may
lead to a better understanding of its function.

Materials

Adenosine 5'-triphosphate, 5’-adenylyl im-
idodiphosphate (AdoPP[NH]P), lactate dehydro-
genase, pyruvate kinase, wheat germ agglutinin,
concanavalin A. V-ethylmaleimide. 5.5-dithiobis
(2-nitrobenzoic acid), cytocholasin B, vinblastine,
colchicine, phenylmethylsulfonylfluoride {PMSF),
quercetin, sodium azide, sodium arsenate, N-
acetylglucosamine, a-methyl mannoside, oligomy-
cin, gramacidin, valinomycin, carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP),
carbonyl cyanide m-chlorophenylhydrazone (C-
CCP). 2,4-dinitrophenol, soybean lectin (Glycine
max), lectin from Bandeiraen simplicifolia. Triton
X-100, polyoxyethylene 20 oleoyl ether (Brij 9)).
polyoxyethylene 10 stearyl ether (Brij 76), poly-
oxyethylene 23 lauryl ether (Brij 35), polyoxyethy-
lene sorbitan monolaurate (Tween 20), poly-
oxyethylene sorbitan monopalmitate (Tween 40),
polyoxyethylene sorbitan monostearate (Tween
60), polyoxyethylene sorbitan monooleate (Tween
80), sodium cholate, sodium deoxycholate, dig-
itonin, phospholipase C, and cholestero! were ob-
tainted from Sigma Chemical Company (St. Louis,
MO). Zwittergent 3-8, Zwittergent 3-10, Zwitter-
gent 3-12, Zwittergent 3-14, Zwittergent 3-16,
monensin and A23187 were purchased from
Calbiochem-Behring Corp. (La Jolla, CA). (y-
32p)jlabeled adenosine S'-triphosphate was pro-
vided by New England Nuclear (Boston, MA).
Ruthenium Red was purchased from Aldrich
Chemical Corp. (Milwaukee, WI). Lectins from
Limulus polythemus, Pisum sativum and Arachis
hypogaea were obtained from E-Y Laboratories
(San Mateo, CA). Pierce Chemical Corp. (Rock-
ford, 1L) supplied the Chapso, Chaps, 7-chloro-4-
nitrobenzo-2-oxa-1.3-diazole (NBD chloride),
dansyl chloride, dimethyl adipimidate, dimethyl

pimelimidate, dimethyl-3,3’-dithiobis(pro-
pionimidate), 2-iminothiolane, disuccinimidyl sub-
erate, disuccinimidyl tartarate, ethylene glycol
bis(succinimidyl succinate) and 4,4’-difluoro-
3,3’dinitrophenyisulfone.

Methods

Preparation of muscle subcellular fractions

The back and hind leg muscles were removed
from 300 g male Sprague-Dawley rats and trimmed
of red muscle. connective and adipose tissue. After
chopping the muscle into small pieces (about 0.25
cm?), it was homogenized with a Polytron at low
speed for 2 min in 0.15 M KCl, 10 mM N-(2-
acetamido)-2-imunodiacetic acid (ADA), 10 mM
3-(N-morpholino)propanesulfonic acid (MOPS)
(pH 6.8), and 5 mM MgSO, (KClI solution). Every
15 s the Polytron was stopped and the blade
cleared of connective tissue. The homogenization
and all subsequent steps were perfcrmed at 4°C.
The muscle was further homogenized in a 50 mi
Potter-Elvehjem homogenizer (five strokes) and
then centrifuged at 1500 X g for 10 min. The pellet
was saved to prepare the crude myofibril fraction.
The supernatant was further centrifuged at 10000
X g for 15 min. The pellet was saved to prepare
the crude mitochondrial fraction and the super-
natant was centrifuged at 53000x g for 1 h to
collect the microsomal fraction. The supernatant
was saved to prepare the cytosol fraction. The
microsomal pellet was resuspended in KCl solu-
tion and applied to a discontinuous sucrose gradi-
ent containing 10% (2 ml), 27% (9 ml). 30% (6 ml),
35% (6 ml), 40% (6 ml) and 45% (3 ml) sucrose
made in KCl solution. The microsomes were frac-
tionated by centrifugation at 130000 x g for 3 h.
The Mg?*-ATPase containing vesicles were ob-
tained at the 10-27% interphase (low density
vesicles). The sarcoplasmic reticulum vesicles were
removed from the lower part of the gradient
(33-37% sucrose). The low density vesicles were
diluted 10-fold in KCl solution and concentrated
by centrifugation at 140000 X g for 30 min. The
vesicles were placed on another discontinuous
sucrose gradient (6 ml 10% sucrose, 6 ml 27%
sucrose made in KCl solution) and centrifuged 15
h at 130000 x g. The low density vesicles con-
taining the Mg?*-ATPase were removed from the
10-27% interphase.
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The crude myofibril fraction was prepared from
the 1500 x g pellet by rehomogenizing the pellet in
10 volumes of KC] with the Polytron at medium
speed. The suspension was then centrifuged 1500
x g for 10 min. The pellet was kept as the crude
myofibril fraction.

The crude mitochondrial fraction was prepared
from the first 10000 X g pellet by resuspending the
pellet in 250 mi of XCI solution and centrifuging
the suspension at 1500 X g for 10 min. The super-
natant was cemrifuged again at 10000 x g for 15
min. The pellet was resuspended in 250 ml of KCl
and the two ceatrifugations were repeated. The
final pellet was used as the crude mitochondrial
fraction.

The cytosol fraction was obtained from the
53000 x g supernatant. The supernatant was
centrifuged 100000 X g for 30 min and then di-
alyzed 24 h against KCI solution.

Assays .

ATPase activity was measured using a coupled
enzyme assay [7] or by monitoring the release of P,
from [y-**PJATP [8). Cholesterol was measured by
the method of Courchaine et al. (9}, following
extraction of membrane lipids as described by
Bligh and Dyer [10]. Total phospholipid was de-
termined by measuring the amount of P, released
following the digestion of the lipids by the method
of Bartlett {11]. Aldolase [12], pyruvate kinase [13],
lactate dehydrogenase [14), and creatine phos-
phokinase [15) were assayed as previously de-
scribed, except the assay medium was made in
KCI solution. 5-Nucleotidase was assayed by the
method of Dixon and Purdam ({16},

SDS-polyacryiamide gel electrophoresis

Polyacrylamide gel elecirophoresis was per-
formed following the method of Laemmli {17)
using 6-12% acrylamide gradient gels. Gels were
stained with 0.2% Coomassie brilliant blue R-125
in 40% methanol, 7% acetic acid and destained
with 20% methanol, 7% acetic acid.

The binding of antibodies and lectins to the
proteins separated by SDS-polyacrylamide elec-
trophoresis was investigated by first transferring
the proteins electrophoretically from the gel to a
nitrocellulose sheet in 25 mM Tris-HCI (pH 8.3),
20% methanol at 60 V (about 200 mA) using a
Bio-Rad Trans-Blot cell. The nitrocellulose sheet

223

was incubated for 1 h with 1% bovine serum
albumin in 10 mM phosphate buffered saline (pH
7.4) to block the remaining protein binding sites of
the nitrocellulose sheet. To detect lectin binding
sites, peroxidase conjugated lectins (100 ml, 1
pg/ml proteins) were incubated with the nitrocel-
lulose for 2.5 h. The unbound lectin was removed
by washing the nitrocellulose sheet five times with
30 ml of phosphate buffered saline containing
0.05% Tween 20. Bound lectin was localized by
staining for peroxidase activity using 4-chloro-1-
naphthol as described by Hawkes et al. [18]. After
staining, the nitrocellulose sheets were washed with
excess water,

Antibody binding was detected by first in-
cubating the blocked nitrocellulose sheet with anti-
serum (or control serum) diluted 1 to 150 in phos-
phate buffered saline containing 0.01% bovine
serum albumin for 3.5 h at room temperature.
After the nitrocellulose was then washed three
times with phosphate buffer saline, it was in-
cubated with peroxidase conjugated goat antibody
to rabbit 1IgG (0.3 ug/ml protein) in phosphate
buffered saline containing 0.01% bovine serum
albumin. After incubating 1 h at 25°C, the nitro-
cellulose sheet was washed and stained with 4-
chloro-1-naphthol as described above.

Preparation of rabbit antiserum against the low-den-
sity vesicles

Before immunization, serum was collected from
the rabbit to serve as control serum. Low density
vesicles (1 mg protein emulsified with equal volume
of Freund's complete adjuvant) were injected sub-
cutaneously into the back of the rabbit. The injec-
tions were repeated after 2 and 4 weeks. Eleven
days after the last injection. serum was collected
from the rabbit and stored at —20°C.

Electron microscopy

Low density vesicles (0.25 mg of protein) were
diluted into 0.1 M cacodylate buffer (pH 7.2) and
centrifuged 30 min at 120000 X g. The pellet was
fixed for 1 h at 4°C with 2.5% glutaraldehyde in
0.1 M cacodylate buffer containing 1% tannic acid.
The fixed pellet was then rinsed with 0.1 M
cacodylate and then treated with 2% OsO, in 0.1
M cacodylate buffer. After embedding in araldite,
the pellet was sectioned and then stained with
uranyi acetate and lead citrate. '
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Results

The highest specific activity of the detergent-
sensitive, Ca**-independent Mg2*-ATPase of rat
skeletal muscle was found in the microsomal frac-
tion (Table I). Low-density vesicles in the micro-
somal fraction which contained the Mg**-ATPase
were separated from the sarcoplasmic reticulum
vesicles by sucrose density centrifugation (Table 1
and Fig. 1). Following a second sucrose density
centrifugation (Fig. 1), no detectable Ca’~.depen-
dent ATPase activity remained in the low-density
vesicle fraction. The specific activity of the Mg?*-
ATPase of the low density vesicles was 26-times
larger than that of the sarcoplasmic reticulum. The
low density vesicles contained a much higher con-
tent of cholesterol (0.6 pmol/mg protein) and
5-nucleotidase (16 nmol/mg per min) than the
microsomal fraction (0.1 pmol/mg and 0.2
nmol/mg per min. respectively) indicating that the
plasma membrane and/or the transverse tubule
membrane is also enriched in the low-density ves-
icle fraction.

Analysis of the protein composition of the low-
Jensity vesicles by sodium dodecyl sulfate poly-
acrylamide electrophoresis showed a pattern quite
distinct from that of the myofibril, mitochondrial,

TABLE 1

Mg>*-ATPase ACTIVITY OF MUSCLE SUBCELLULAR
FRACTIONS

Mg?*-ATPase was assayed in medium containing 0.15 M KCl,
10 mM Mops. 5 mM MgSO,. 16 U/mi pyruvate kinase. §
U/ml lactate dehvdrogenase. 0.5 mM phosphoeno/pyruvate,
).1S mM NADH and | mM EGTA. The ATPase activity was
Jetermined from the iniual rate NADH oxidation as monitored
spectrophotometrically at 340 am. Inhibition by Triton X-100
was measured by including 0.1% Triton X-100 in the assay
medium.

Fraction Initial Mg? *-ATPase activity
{ pmol/mg min)
— Detergent +0.1%
. Triton
I Crude myolfibril 0.19 0.19
2 Cwviosol 0.03 0.006
3 Crude mitochondria 0.14 0.04
4 Microsome 0.25 0.007
S Low-density vesicles 6.11 0.11
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Fig. 1. Separation of mucroscima! vesicles from rat skeletal
muscle. {A) First sucrose gradient. Microsornes (7 ml, 10 mg,/ml
protein) were placed on a discontinuous sucrose gradient (9 ml
27%. 6 mt 30%, 6 ml 40%. and 3 ml 45% sucrose in KCl
medium). After centrifugation for 3 h at 130000 x g. the gradi-
ent was fractionated into 0.9-ml aliquots and the protein,
Ca?*-dependent aad Cz**-independent activity were measured
as described in Methods. (B) Second sucrose gradient. Fraction
9--16 of the first sucrose gradient were pooled diluted with KCl
medium and concentrated by centrifugation (140000x g for
0.5 h). The pellet was resuspended in KCl medium and applied
to another discontinuous sucrose gradient (6 ml 10% sucrose. 6
ml 27% sucrose in KCl medium). After centrifugation at
130000 x g for 15 h, the gradient was fractionated into 0.4-ml
aliquots and the protein, Ca**-independent and Ca?®*-depen-
dent ATPase activity of each fraction were measured.

sarcoplasmic reticuium or cytosol fraction (Fig.
2A). The major unique protein band enriched in
the low density vesicle fraction had an apparent
molecular weight of about 56 000. When separated
by isoelectric focusing, this band breaks up into a
series of S spots with p/ values ranging from 5.4 to
6 (Fig. 2B). Many of the proteins found in the
low-density vesicles appear to be simply trapped
inside the vesicles during their preparation. The
protein with an apparent M, of 69000 and a p/ of
5.8-6.0 had the same migration pattern as
authentic rat serum albumin (Fig. 2B). Rosemblatt
et al. {4] identified serum albumin as a major
protein component in low-density vesicles isolated
from rabbit skeletal muscle. The protein with an
apparent M, of 40000 and a p/ of 6.7-6.9 gave
the same migration pattern as authentic creatine
phosphokinase. The activity of several soluble cy-
toplasmic enzymes in the low-density fraction
showed a 6-10-fold increase in activity upon addi-
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Fig. 2. Comparison of the protein composition of the low-density vesicle fraction with other subcellular fractions by SDS-polyacryla-
mide electrophoresis. (A) SDS-polyacrylamide gel electrophoresis was performed by the method described by Laemmli [17] using
6-12% acrylamide gradient gels. Each sample except the molecular weight standards (10 pg proteins) (phosphorylase b, bovine serum
albumin, ovalbumin, carbonic anhydrase, soybean trypsin inhibitor and a-lactalbumin). lane 2. cytosol; lane 3, mitochondnal
fraction: lane 4, myofibril fraction; lane 5, low density vesicles and lane 6, sarcoplasmic reticulum. (B) Two-dimensional electrophore-
sis of the low-density fraction. Procedure of O'Farrell [25] was followed. Low-density vesicles (200 ug protein were solubilized in 10%
Triton X-100 for the first dimension, isoelectric focusing elecirophoresis. A 6-12% acrylamide gradient gel was used for the second

dimension, SDS polyacrylamide gel electrophoresis.

tion of 0.1% Triton X-100 (Table II). The latent,
specific activity of these enzymes in the low-den-
sity vesicle fraction was 1/6 to 1,/25 of the specific
activity of these enzymes in the cytosol fraction
indicating that up to 16% of the protein found in
the low-density fraction may simply be trapped by
the vesicles during their preparation.

The protein composition of the low-density
vesicles was further characterized by identifying
the wheat germ agglutinin binding proteins. Wheat
germ agglutinin is a lectin which binds to glyco-
proteins containing N-acetylglucosamine. The pro-
teins of each subcellular fraction were first sep-
arated by SDS-polyacrylamide electrophoresis and
then transferred onto a nitrocellulose sheet. The
binding of peroxidase conjugated wheat germ ag-
glutinin to the protein bands was visualized using

the peroxidase stain, 4-chloro-1-naphthol. This
method was not sensitive enough to detect any
wheat germ agglutinin  binding proteins in
mitochondrial, cytosol. myofibril, or sarcoplasmic
reticulum fractions but at least 6 major bands and
15 minor bands appeared in the low-density ves-
icle fraction indicating an enrichment of glycopro-
teins in this fraction (data not shown). In the
presence of 0.1 M N-acetylglucosamine, no wheat
germ agglutinin binding to the low-density vesicle
fraction was observed.

The location of the proteins in the low density
vesicles was investigated using trypsin digestion
and fluorescamine labeling of intact and solubi-
lized membranes. Addition of trypsin to intact
vesicles resulted in the rapid digestion of the
200000 and 100000 M,, proteins (Fig. 3). The
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TABLE 1l

LATENT ACTIVITY OF CYTOSOL ENZYMES IN THE LOW-DENSITY VESICLES

Aldolase, lactate dehydrogenase, creatine phosphokinase and pyruvate kinase activities in the low density vesicles and cytosol fraction
were assayed in KCl solution with and without 0.1% Triton X-100 as described in Methods.

Enzyme activity (pmol/mg min)
Aldolase Lactate Creatine Pyruvate
dehydrogenase phosphokinase kinase
Low-density vesicles
—detergent a.5 0.09 1.3 0.07
+0.1% Triton X-100 41 1.10 6.3 0.61
Cytosol

— detergent 247 11.0 144 6.3

+0.1% Triton X-100 24.7 11.0 144 6.3
R 1 f : : : 56000 {WW protein appeared 10 be cleaved to form
] A : 5 a protein of about 51000 M,,. Most of the other
: ? H proteins seem to be unaffected by trypsin. The
i A Mg2*-ATPase activity was not influenced by
i : ' i trypsin even at a concentration of 1 mg/ml in-
it oeqlt ] i cubated for 30 min at 25°C. After solubilization
! ; I .9. | .' 8 oeglt the low-density vesicles with deoxycholate, all the
Y i .‘5: L, kgl proteins became susceptible to proteolytic diges-
TNV L ainaE ) tion with the exception of a 35000 M, protein.
W i “«'E L 1.. 5":-' ,5"-,',,?,,% The addition of tke nonpermeable cyclo-
"*:.li ~ v .P\z heptaamylose-fluorescamine complex to intact
i vesicles predominantly labeled the 100000 and

5

ABSORBANCE CHANGE
ABSOABANCE CHANGE

- + - +
Fig. 3. Digestion of low-density vesicles with trypsin. (A}
Low-density vesicles (4.5 mg/ml) were incubated in 0.15 M
KCl, 10 mM Mops, S mM MgS0, at 25°C. Aliquots (50 ul)
were removed before (1), or } min (11), 10 min (JI1), or 100 min
(1V), after the addition of trypsin (2 ug/mi). PMSF (0.2 mM)
was immediately added to the aliquots to inhibit the trypsin.
After all the aliquots were collected, they were analyzed by
SDS-polyacrylamide gel electrophoresis as described in Meth-
ods. The gels were stained with Coomassie blue, destained and
scanned with a Gelford gel scanner at 550 nm. Mobilities of the

56000 M, proteins (Fig. 4). Under the same
conditions the Mg?*-ATPase was inhibited 55%.
All the proteins appeared to be labeled after the
membranes were solubilized with sodium dodecyl
sulfate (Fig. 4). These experiments indicate that
the 100000-and 56 000 M, proteins are exposed to
the external medium while most of the other pro-
teins become exposed only after disruption of the
vesicle membrane.

Since the specific activity of purified Mg?*-
ATPase is not known, the percentage of the vesicles
in the low density vesicle fraction which actually
contains the Mg?*-ATPase cannot be estimated.
The high content of cholesterol, 5'-nucleotidase
and glycoproteins in the low-density vesicle frac-
tion suggests that at least some of the vesicles are

molecular weight standards are indicated by the arrows: 1,
phosphorylase b; 2, bovine serum albumin: 3, ovalbumin: 4,
carbonic anhydrase; S, soybean trypsin inhibitor. (B) Same as
A, except low density vesicles were solubilized with § mg/mi
deoxycholate before the trypsin addition.
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Fig. 4. Fluorescamine labeling of low-density vesicles. (Lanes A
and B). Low-density vesicles (2 mg protein/ml) were incubated
in 0.25 M sucrose, 10 mM imidazole (pH 7.5) and 2.5 mg/ml
cycloheptaamylose-fluorescamine for 30 min at 37°C. After
glycine (0.25 M) was added to react with the remaining fluo-
rescamine, 5% SDS and 1% B-mercaptocthanol were added and
the sample was heated at 100°C for § min. A 40-x] aliquot was
then removed and analyzed by SDS-polyacrylamide electro-
phoresis. The gel was photographed under ultraviolet light with
the shutter opened for | min to detect the proteins labeled with
fluorescamine (lane B) and then the proteins stained with
Coomassie brilliant blue R-115 (lane A). (Lanes C and D)
Same as lanes A and B except 0.2% SDS was included in the
fluorescamine incubation solution to solubilize the low-density
vesicles. Mobilities of the molecular weight standards are indi-
cated by the arrows: |, phospharylase & (94000); 2, bovine
serum albumin (67000); 3, ovalbumin (43000); 4, carbonic
anhydrase {30000); 5, soybean trypsin inhibitor (20000); and 6,
a-lactalalbumin (14000).

derived from the plasma membrane and/or the
transverse tubule. However, the low-density vesicle
fraction may contain membranes from other
sources, so the localization of the Mg?*-ATPase is
not possible at this time,

Electron micrographs of the low density frac-
tion indicated a heterogeneous population of
vesicles of various sizes present in the low-density
fraction.
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Rate of ATP hydrolysis by the Mg’ *-ATPase

The rate of ATP hydrolysis by the Mg*-
ATPase as monitored by the enzyme coupled as-
say as nonlinear but declined exponentially (first-
order rate constant = 0.2 min~!' at 37°C) (Fig. 5).
Similar results were obtained when ATP hydrolyv-
sis was assayed by measuring the rate of P, release
from [y-??PJATP. Addition of 2 mM K,HPO,
had no effect on the Mg?*-ATPase activity, indi-
cating that the decline in ATPase activity is not
due to phosphate release from ATP. In the cou-
pled enzyme assay, ATP is regenerated from ADP
by pyruvate kinase and phosphoeno/pyruvate, so
the decay in ATPase activity was not due to ADP
accumulation. The initial rate of ATP hydrolysis
was found to be directly proportional to the pro-
tein concentration of the low-density vesicles from
1 to § ug/ml using the coupled enzyme assay and
from 10 to 100 pg/ml using the [y-**PJATP assay.
The rate of inactivation was independent of the
protein concentration.

In the absence of ATP, the rate of inactivation
was 600-times slower than that in the presence of
ATP (Figs. 5 and 6). The rate of inactivation of
the Mg?*-ATPase was also accelerated by the
addition of the non-hydrolyzable ATP analogue
AdoPP[NH]P (Fig. 7). When added together with
ATP, AdoPP[NH]P was a competitive inhibitor
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Fig. 5. Rate of ATP hydrolysis by the Mg?*-ATPase. (A) Rate
of ATP hydrolysis by Mg?*-ATPase. ATP hydrolysis was
measured by the enzyme coupled assay at 37°C in medium
containing 0.15 M KCl, 10 mM ADA. 10 mM Mops (pH 6.8).
5 mM MgSO,. 0.5 mM phosphoeno/pyruvate, 16 U/ml pyru-
vate kinase, 5 U/ml lactate Jehydrogenase, 0.15 mM NADH.
2.0 mM ATP, 1.5 mM EGTA and | pg protein/ml low-density
vesicles (®). Wheat germ agglutinin (20 pg/ml) was added
before ATP (O) or 1.5 (v), 6 (a). or 7 (O) min after ATP
addition. (B) Data from panel A replotted on a loganithmic
graph.
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TABLE 111

EFFECT OF ATP PRETREATMENT ON THE Mg?".
ATPase ACTIVITY .

Low-density vesicles (20 ml. 13.5 ug protein/ml) were in-
cubated 30 min at 25°C in 0.15 M KCl, 10 mM Mops (pH 6.8),
5 mM MgSO, | mM EGTA, 5 mM ATP. A control sample was
incubated in medium lacking the ATP. The samples were then
centrifuged 130000 g for 30 mun and the peilet was resus-
pended in KCI solution at a final protein concentration of 0.6
mg,/ml. Aliquots were removed from the resuspended vesicles
at various times 1o assay for ATPase activity as described in
Fig. 5.

Preincubation  Time after Initial rate  Inactivation

medium preincubation of ATP rate
(min) hydrolysis (min~')

Control 5 219 0.21

30 23.2 0.21

150 19.2 0.19

+ATP 5 55 0.10

30 5.0 0.10

150 6.8 0.11

of ATP hydrolvsis by the Mg?*-ATPase (K, = 0.26
mM. data not shown), but when added in the
absence of ATP. AdoPP[NH}P caused inactiva-
tion of the Mg**-ATPase.

The K, of the Mg?*-ATPase for ATP was
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Fig. 6. Rate of inactivation of Mg**-ATPase in the absence of
ATP. Low-density vesicles (26 pg protein/ml) were incubated
at the indicated temperature in 0.15 M KCL 10 mM ADA. 10
mM Mops (pH 6.8). 5 mM MgSO,, 5 mM sodium azide.
Aliquots (50 ul) were removed at various times and the initial
ATPase activity was measured by the coupled enzvme assay at
25°C.
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Fig. 7. Rate of inactivation of the Mg?*-ATPase in the pres-
ence of AdoPP{NH]P. Low-density vesicles (0.6 mg/ml) were
incubated at 25°C in 0.15 M KCI, 10 mM Mops. 10 mM ADA
(pH 6.8) 5 mM MgSO, and either 0.] mM (QO). 0.2 mM (m).
0.4 mM (O) or 2.0 mM (a) AdoPP[NH]P. The control lacked
AdoPP[NH]P (®). At various times aliquots (10 pl) were
removed and assaved for ATPase activity using the coupled
enzyme assay at 37°C. The data is reported as the ratio of the
initial rate of ATP hydrolyvsis at the various times 1o the initial
rate of ATP hydrolysis at t =0 of the sample lacking
AdoPP[NH]P. The vesicle suspension was diluted 200-fold
into the assay medium so that ihe hughest concentration of
AdoPP[NH]P? in the assay medium was 10 uM which did not
significantly effect the ATPase activity (AdoPP[NH]P s a3
compeutive intubitor of the Mg**-ATPase with a K, = 0.26
mM).

determined to be 0.2 mM. The rate of ATP hydrol-
ysis and the rate of ATP-dependent inactivation
did not vary between pH 5.5 and 8.5. The rate of
ATP hydrolysis and the rate of ATP-dependent
inactivation assaved with [y-**PJATP was not sig-
nificantly altered when the 0.15 M KCI in the
assay medium was replaced with any of the follow-
ing: 0.15 M NaCl. 0.15 M LiCL 0.15 M RbCl. 0.15
M CsCl. 0.15 M sodium acetate, 0.15 M sodium
bicarbonate, 0.15 M sodium aspartate, 0.15 M
disodium maleate. 0.15 M sodium isothiocvanate.
0.15 M lysine chloride or 0.3 M sucrose. Various
ionophores (gramicidin, valinomycin. monensin.
A23187, CCCP, FCCP. dinitrophenol) and inhibi-
tors of other ATPase enzvmes (oligomvcin,
ouabain, vanadate. quercetin, sodium azide,
sodium arsenate) had no significant effect on the
effect on the activity of the Mg**-ATPase. Neither
the rate of ATP hvdrolvsis nor the rate of ATP-de-
pendent inactivation was significantly influenced
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by 0.1 mM cytocholasin B, 0.1 mM vinblastin or
10 uM colchicine. No apparent alteration of the
protein composition of the low-density vesicles as
analysed by SDS-polyacrylamide electrophoresis
was observed after treatment with ATP (data not
shown). Neither the serine protease inhibitor phen-
ylmethylsulfonyl fluoride nor the suifhydryl rea-
gents 5,5°-dithiobis(2-nitrobenzoic acid) acid and
N-ethylmaleimide had anv effect on the ATP-de-
pendent inactivation rate of the Mg?*-ATPase.

The effect of temperature on ATP hydrolysis by
the Mg?*-ATPase is shown in Fig. 8. The energy
of activation for ATP hydrolysis and ATP-depen-
dent inacuvation determined from an Arrhenius
plot of the data in Fig. 8 was 4.0 kcal/mol and
14.4 kcal/mol, respectively.

Effect of lectins on the Mg®*-ATPase activity

The ability of lectins to influence the activity of
the Mg2*-ATPase was investigated. Of the lectins
tested, only wheat germ agglutinin and con-
canavalin A altered the Mg?*-ATPase activity.
Wheat germ agglutinin and concanavalin A bind
N-acetylglucosamine and p-mannose residues, re-
spectively. Lectins from Limulus polyhemus, Pisum
sativum, Arachis hypogaea and Glycine max had no
effect on the Mg?*-ATPase concentrations up to
50 pug/ml protein. Wheat germ agglutinin and
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Fig. 8. Rate of inactivation of the Mg?*-ATPase in the pres-
ence of ATP. ATPase activity was measured by the coupled
enzyme assay at the indicated temperature in medium contain-
ing 0.15 M KCl. 10 mM ADA, 10 mM Mops (pH 6.8), $ mM
MgSO,. 0.5 mM phosphoeno/pyruvate, 16.8 U/ml pyruvate
kinase. 4.8 U/ml lactate dehydrogenase, 0.15 mM NADH, 2.0
mM ATP, 1.5 mM EGTA and 1.7 ug protein/ml low-density
vesicles. The rate of ATP hydrolysis was determined from the
change in the NADH absorbance at 340 nm.
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concanavalin A were able to completely block
ATP-dependent inactivation (Table IV). They were
also able to block the inactivation of the Mg?*-
ATPase induced by AdoPP[NH]P (Table V). If
wheat germ agglutinin was added to the assay
medium following ATP addition, further inactiva-
tion was prevented, but the initial rate of ATP
hydrolysis was pot restored (Fig. 5). Similar results
were obtained with concanavalin A. Inhibition of
ATP-dependent inactivation of the Mg?*-ATPase
by lectins was completely reversible. Addition of
0.1 M N-acetylglucosamine to the assay medium
climinated the effect of wheat germ agglutinin on
the Mg?*-ATPase activity even when added after
ATP hydrolysis is initiated. Similar results were
obtained when a-methyl mannoside was added to
the assay medium containing concanavalin A.
These results indicate that wheat germ agglutinin
and concanavalin A must bind to the membrane in
order to prevent the inactivation of the Mg?2*-
ATPase and that the effect of these lectins on the
Mg?*-ATPase is completely reversible.

Concanavalio A and wheat germ agglutinin
shifted the X, of the Mg?*-ATPase for ATP from
0.2 mM to 0.34 mM.

TABLE IV

EFFECT OF WHEAT GERM AGGLUTINIIN, CON-
CANAVALIN A AND RABBIT ANTISERUM ON THE
Mg?*-ATPase ACTIVITY

Mg2*-ATPase was assayed as described in Fig. 5. Low-density
vesicles (1.8 ug/ml) were added 10 the assay medium 1 min
before the addition of 2 mM ATP. When t-sted. the lectins,
sugars, antiserum or control serum were added to the assay
medium before the addition of the low-density vesicles.

Addition Initial rate Inactivation
ATP hydrolysis rate

(pmol/mg per min) (min~")

1 Control 8.9 0.26

2 +wheat germ agglutinin 59 0
(70 pg/mi)

3 +wheat germ agglutinin 7.3 0.29
(70 pg/ml) and N-acetyl-
glucosamine (0.1 M)

4 +concanavalin A (40 ug/ml) 6.9 0

5 +concanavalin A 7.6 0.35
(40 ug/ml) and a-methyl-
mannoside (0.1 M)

6 + rabbit antiserum (1 : 700) 5.8 0

7 + control serum (1:700) 10.1 0.23
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TABLE V

EFFECT OF WHEAT GERM AGGLUTININ, CON.
CANAVALIN A AND RABBIT ANTISERUM ON
AdoPP|NH]P-INDUCED INACTIVATION OF THE
Mg?*-ATPase

Low-density vesicles (0.38 mg protein/ml) were incubated at
25°C in KC! solution with the indicated additions for 60 min.
The vesicles were then diluted 400-fold into Mg?*-ATPase
assay medium and the initial rate of ATP hydrolysis was
determined as described in Fig. 5.

Incubation medium ATPase activity
(% of control)
Control (no AdoPP[NH]F) 100
+2 mM AdoPP[NH}P 26
+2 mM AdoPP[NH]}P and wheat o1
germ agglutinin (1 mg/ml)
+2 mM AdoPP[NH] P and wheat 49
germ agglutinin (1 mg/ml) and
N-acetylglucosamine (33 mM)
+2 mM AdoPP[NH]P and 84
concanavalin A (2.5 mg/ml)
+2 mM AdoPP[NHI|P and 26
concanavalin A (2.5 mg/ml) and
a-methyl mannoside (33 mM)
+2 mM AdoPP[NH]P and rabbit
antiserum (1 : 100) 85
+2 mM AdoPP[NH]P and
control serum (1 : 100} ki)
TABLE V1

Effect of rabbit antiserum 10 the low-density vesicles
on the Mg’ *-ATPase activity

The effect of rabbit antiserum produced against
the low density vesicles on the Mg2*-ATPase ac-
tivity was similar to that of wheat germ agglutinin
and concanavalin A. The initial rate of ATP hy-
drolysis was slightly decreased by the antiserum.
but the ATP-dependent inactivation was com-
pletely blocked (Table VI). Control serum had
little effect on the Mg2*-ATPase activity. Rabbit
antiserum also prevented inactivation of the
Mg?*-ATPase by AdoPP|{NH]P (Table VI). Like
the wheat germ agglutinin, rabbit antiserum was
found to bind to a variety of proteins in the low
density fraction (data not shown).

Effect of glutaraldehyde on the Mg’ *-ATPase activ-
ity

Glutaraldehyde is a cross-linking reagent which
is able to react with amine groups of protein and
lipids. Immediately after adding 2.5% glutaralde-
hyde to a suspension of low-density vesicles at
1°C, the initial rate of ATP hydrolysis and the rate
of ATP-dependent inactivation decreased 36% and
54%. respectively (Fig. 9). After a 30 min incuba-

EFFECT OF WHEAT GERM AGGLUTININ, CONCANAVALIN A, AND RABBIT ANTISERUM ON THE INCUBATION

OF THE Mg**-ATPase IN THE PRESENCE OF DETERGENTS

Mg? *-ATPase activity was measured as described in Fig. 10 except wheat germ agglutinin (20 ug/ml). concanavalin A (50 pg/ml)
and rabbit antiserum (1:700) were included in the assay medium where indicated. Not determined, N.D.

Detergent Control Wheat + Concanavalin + Rabbit -
Initial - Inactiva- g;;l“:n'n‘n A antiserum
. 3 ini
ATPas'c - tion rate Tl - Initial Inactiva- Inttial Inactiva-
rate(min ") n_;}:\ X lpacuva- ATPase tionrate  ATPase  tion rate
) 2“ ase (‘::?nr‘a"; rate (min~ ")y  rate (min~ ")
e
(%) (%)
(%)
- 100 0.28 75 0 - 95 1] 102 0
25 ug/mi Brij 3§ t96 0.75 83 0 95 0 87 0
100 ug/ml Brij 35 85 1.76 83 0 94 o} 75 0
2000 pg/ml Brij 35 120 1.54 83 0.08 94 0.07 N.D. N.D.
100 pg/mi Chapso 93 0.41 65 1] 88 0 91 0
250 pg/mi Chapso 82 1.62 65 0.05 79 0 70 0.05
1000 ug/ml Chapso - <3 56 0.14 41 0.1 58 0.12
t ug/ml Triton X-100 94 0.29 75 (o] 90 0 88 0
10 pg/ml Trison X-100 85 0.42 63 0 92 0 96 0
50 pg/ml Triton X-100 60 0.76 47 0.06 77 0.09 94 0.10
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Fig 9 Effect of glutaraldehyde on Mg’ *-ATPase actviny.
Low.density vesicles (0.2 mg protein/ml) were incubated at
1°Cin 0.15 M KCL. 10 mM Mops (pH 6.8), $ mM MgSO, and
2.5% (a, 4. O) or 0.25% (8. O) glutaraldehyde. Controls lacked
glutaraldehyde (@. O). Aliquots ($ ul) were removed at vanious
tmes and diluied 1nto 2 mi of ATPsse sssay medium 0
deterrmune the inttial rate of ATP hydrolyns (O.a.0, ) and
the rate of inacuvauon (@, &, B) as descnibed 1n Fig. 5. In one
expenment (O ). the vesicles incubated in 2.5% giutaraldehyde
were assayed in medium contuning 0.1% Triton X 100 in order
10 measure detergent-resistant ATPase.

tion in 2.5% glutaraldehyde, the Mg *-ATP
showed no ATP-dependent inactivation but the
initial rate of ATP-hydrolysis was reduced by 58%.
Similar results were obtained in 0.25% glutaralde-
hyde. except the rate at which ATP-dependent
inactivation was inhibited was greatly reduced (Fig.
9. :

The Mg**-ATPase of low-density vesicles not
treated with glularaldehyde was completely
inhibited by 0.1% Triton X-100. But after an hour
incubation with 2.5% glutaraldehyde at 1°C, 1%
Triton X-100 intubited the Mg?*-ATPase by only
42% (Fig. 9. In conciusion, cross-linking the mem-
brane components with glutaraldehyde of the
low-density vesicles (1) compietely blocked ATP-
dependent inactivation while inhibiting the initial
rate of ATP hydrolysis up 10 68%, and (2) increased
the resistance of the Mg?*-ATPase to detergents.

Several other cross-linking reagents which were
tested (dimethyl pimelimidate. dimethyl 3.3'-di-
thiobis(propionirmidate), 2-iminothiolane, disuc-
cinimudyl suberate, and ethylene glycol bissuc-
cinirmucyl succinate) also prevented inactivation.
When incubated with the low density vesicles at a
concentration of 50-5 mM in 0.1 M triethylamune
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(pH 8.0) for 30 min at 25°C, they reduced the
initial rate of ATP hydrolysis of the Mg?*-ATPase
5$-90% and completely eliminated ATP-dependent
inactivation. Glutaraldehyde (S0 mM) under the
same conditions reduced the initial rate by 44%.

= Effect of detergents on the Mg’ *-ATPase acli-u_iry -

At low-concentrations; detergents-maybe incor--
porated into biological membranes affecting mem-
brane fluidity and protein-lipid interaction. At
higher concentrations, some detergents can totally
disript the membrane leading to the formation of
mucelles conlaining varying amounts of lipid. pro-
tein and detergent. At low concentrations of deter-
gents and short incubation times, the initial rate of
Mg?*-ATPase was only slightly altered. while the
rate of ATP-dependent inactivaiion was greatly
accelerated. Fig. 10 shows the effect of Chapso,
Bri) 35 and Triton X-106 on the Mg2”-ATPase
activity. Similar results were obtained with Tween
20, Tween 40, Tween 60, Tween 80, Nonidet P-40,
cholate, Chaps, Digitonin, Brij 76, Bri) 99, Zwitter-
gent 3-08, Zwittergent 3-10, Zwittergent 3-12,
Zwittergent 3-14, Zwittergent 3-16, octylglucoside
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Fig. 10. Effect of Chapso, Bry) 35 and Tnton X-100 on Mg®*-
ATPase scuvity wes measured by the coupled enzyme assay at
37°C 10 medium contaiung 0.13 M KCl. 10 mM ADA, 10 mM
Mops (pH 6.8), $ mM MgSO,. 16 LU'/ml pyruvate lunase. §
U/mi lsciele dehydrogenase. 0.5 mM phosphoenol pyruvate
and 0.15 M NADH. Chapso. Bn 35 or Trton X-100 was
added to the assav medium at a final concentration of 0.00025%
(Q). 0.001% (a). 0.0025% (C). 0.01F (@ or 0.025% (v) The
contral (@) lacked detergent Low-density vesicles (34 ug pro-
tein/ml) were added | mun before the reaction was imisated
with 2 mM ATP. The rate of ATP hydrolyss was determmuned
from the rate of NADH ondation aa monitored spectrophoto-
metncslly st 340 nm.
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and lysophosphatidylcholine. Some detergents such
as Brij 35 and Tween 80 were unable to solubilize
the Mg:*-ATPase even at high concentrations (the
Mg?*-ATPase was still precipitable by centrifuga-
tion at 100000 x g for 10 min). These detergents
increased the inactivation rate 10-fold at a con-
centration of 0.05% (3.4 ug protein/ml low-den-
sity vesicles) but additional increases in the deter-
gent concentration had no effect. Wheat germ
agglutinin, concanavalin A or antiserum prevented
the ATP-dependent inactivation of the Mg?2*-
ATPase even in the presence of 2% Brij 35 (Table
VI). Other detergents such as Chapso, Triton X-
100, Nonidet P-40. cholate. octviglucoside and
Zwittergent 3-16 completely solubilized the mem-
brane at high detergent to protein ratios, at which
no Mg?*-ATPase activity was observed. At low
detergent concentrations, the inactivation rate was
increased with little change in the initial rate of
ATP hydrolysis. Wheat germ agglutinin, con-
canavalin A or antiserum could still block the
ATP-dependent inactivation of the Mg?*-ATPase
at low concentrations of Chapso and Triton X-100,
but inactivation still occurred at higher concentra-
tions (Table VI).

Discussion

The Mg?*-ATPase of rat skeletal muscle had
the unusual property of ATP-dependent inactiva-
tion. Inactivation could also be induced by the
nonhydrolyzable ATP analogue AdoPP[NH]P.
The rate of ATP-dependent inactivation was in-
creased by detergents (Fig. 10) and temperature
(Fig. 8). Inactivation was inhibited bv wheat germ
agglutinin (Fig. §). concanavalin A (Table IV),
glutaraldehyde (Fig. 9) and rabbit antiserum pro-
duced against the low-densitv vesicles (Table IV),
Since ATP-dependent inactivation is blocked by
cross-linking components of the low-density ves-
icle membrane with lectins, antibodies or
glutaraldehyde, mobility of the membrane proteins
may be required for inactivation (Fig. 11). The
active Mg?*-ATPase may be a protein complex
which dissociates to give inactive monomers.
Dissociation would be prevented by cross-linking
the complex with wheat germ agglutinin, con-
canavalin A, antibodies or glutaraldehvde. ATP or
AdoPP[NH]P would promote dissociation, Deter-

gents would increase the rate of dissociation. Al-
ternatively, the Mg>*-ATPase may be regulated by
a separate protein which must interact with the
Mgl?*-ATPase to inactivate it. Preventing protein
mobility with cross-linking reagents, lectins or an-
tiserum would block the interaction of the regula-
tory protein with the Mg2*-ATPase. Inactivation
of the Mg*~-ATPase by the regulatory protein
would require ATP or AdoPP{NH]P. A third
possibility is that the Mg>*-ATPase exists in two
conformational states. active and inactive. The
inactive state would be stabilized by ATP or
AdoPP[NH]P. while the active state would be
stabilied by the binding of lectins or antibodies to
the Mg>"-ATPase. At the present time. it is not
possible to eliminate any of these proposed mecha-
nisms for the regulation of the Mg?“-ATPase
without further experimental data.

Since there is an abundance of ATP in the
muscle cell, something must prevent the inactiva-
tion of the Mg?~-ATPase in vivo. One possibility
is that the Mg**-ATPase is not normally exposed
to ATP. There are numerous reports in the litera-
ture on the existence of ecto-ATPase enzymes
which act on extracellular substrates [19-24]. If
the vesicles which contain the Mg**-ATPase are
nonpermeable to ATP and lectins, then the ATP
and lectin binding sites must be on the same sids
of the membrane. Since the extracellular surface o
muscle cells is heavily glycosylated. this would be
the most likely site of lectin binding. Therefore it
is possible that the active site of the Mg**-ATPase
faces the extracellular medium rather than hydro-
lyzing intracellular ATP. A large fraction of the
low density vesicles appear to be nonpermeable
since (1) most of the proteins associated with the
intact vesicles were protected from trypsin diges-
tion (Fig. 3) and from labeling with cyclohepa-
tamylose-fluorescamine (Fig. 4). (2) a 6-10-fold
increase in the activity of cytoplasmic enzymes
trapped inside the low-density vesicles was ob-
served after disrupting the membrane with deter-
gent (Table I1). and (3) the efflux rate of **Rb (0.5
min~') from the vesicles was relatively slow (data
not shown). It is not known, however, if the
Mg?*-ATPase is associated with these tight
vesicles.

Another possible way in which the Mg?*-
ATPase retains its activity in vivo is that iractiva-
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Fix. 11. Regulation of Nig®*-ATPase. Mechanism A. Active Mg *-ATPasc is a protein complex. Dissociation of the proiein complex
is promoted by ATP and detergents and leads to inactivation of the ATPase. Lectim. amtiserum and glutaraldehyde prevent
disseciation of the protein complex. Mechanism B. Mg2*.ATPase is inactivated by a regulatory protein in the presence of ATP.
Lecuns. antiserum and glutaraldehyde immobilize membrane proteins preventing the interaction between the Mg* *-ATPase and the
regulatory protein. Low concentrations of detergents increase the mobility of proteins in the membrane and therefore increase the rate

: _ASTIVE _ INACTIVE
~ Mg ATPase = Mg ATPase

of inactivation.

non may be blocked by a nawrally occurring
regulatory protein in a similar manner in which
lzctins, antiserum or glutaraldehyde prevent in-
activation  No such regulatory protein, however,
was detected in the muscle cytosol fraction or rat
serunt.

During the prepuration of the low density
vesicles. inactivation is partially prevented by
working at 4°C, but it is likely that some inactiva-
t2on does oceur. When the Mz ** concentration of
the selatton medium was mamtained below 1 pM
with EDTA to inhibit the Mg?*-ATPase, the
soeific activity of the Mg® -ATPase in the low
densits veddes was increased 3-fold. EDTA was
mt rectinziy added to the isolation medium since

»t

Disafso caused an increase in the contamination
iothe aoa-density wesicle fraction with sarcop-
st seticulum,

The My T-ATPase found in the low-density
sesides was not specific for sheletal muscle (un-

soebshed dJutar A Mg T-ATPase with very similar

properiies as the skeletal muscle enzyme was also
found in low density vesicles isolated from heart,
spleen, lung, kidney, liver, brain and adipose tis-
sue. The Mg?*-ATPase activity of low density
vesicles from heart, spleen and adipose tissue had
a specific activity equal to or greater than that
from skeletal muscle. *

The function of the Mg**-ATPase js not known.
We have found no evidence that the Mg**-ATPase
is involved in ion transport. Ti.e enzyme requtres
millimolar amounts of Mg** or Ca*" for activity
but no other ionic requirements were observed.
The activity of the ATPase was not influenced by
a variety of anions, monovalent cations or 10no-
phores. The ¢fflux rate of **Rb from the low-den-
sity vesicles was rot infivenced by ATP nor was
ATP-dependent Ca’" uptake into the vesicles ob-
served. The rate of ATP hydrolvsis by the low-
density vesicles was not influenced by preimposed
negative or positive membrane potentials gener-
ated with C17 or K~ gradients.
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We are presently involved in developing tech-
mygues 0 solubilize and purify active Mg?~-
ATPase from skeletal muscle in order 10 better
charactenze this enzvme.
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Summary. Two-dimensional crystalline arrays of Ca®’ -ATPase
molecules develop after treatment of sarcoplasmic reticulum
vesicles with Na VO, in a Ca® ' ~free medium. The influence
of membrane potential upon the rate of crystallization was stud-
ied by ion substitution using oxonol VI and 3.3-dicthyl-2,2"-
thiadicarboeyanine (Di—S —C,(5)) to monitor inside positive
or inside negative membrane potentials, respectively. Positive
transmembrane potential accelerates the rate of crystallization
of Ca’ " -ATPasc. while negative potential disrupts preformed
Ca? *-ATPase crystals, suggesting an influence of transmem-
brane potential upon the conformation of Ca® ' -ATPase,

Key Words  Ca®', Mg®*-ATPusc-Ca®’ transport - mem-
brane potential - vanadate - crystals - sarcoplasmic reticulum

Introduction

Two-dimensional crystalline arrays of the Ca®?
transport ATPasc develop aflter treatment of sarco-
plasmic reticulum vesicles with Na, VO, ina Ca?*-
free medium (Dux & Martonosi, 1983 ). In order
to form crystals the Ca? ' -ATPase molccules must
assume the £, conformation, which is stabilized
by vanadate. Ca?* in concentration sufficient to
saturate the high affinity Ca?* binding site of the
Ca*'-ATPasc prevents the formation of ATPase
crystals and disrupts the crystals that were formed
previously (Dux & Martonosi. 1983«). These cf-
feets of Ca®* can be attributed to the changes in
the conformation of Ca? ' -ATPasc associated with
the binding of Ca*'. Based on these obscrvations
the crystallization of Ca?*-ATPasc may scrve as
an indicator of the conformational requirements
of ATPasc-ATPasc interactions in sarcoplasmic re-
ticulum membrancs.

Artificially imposed instde positive membrane
diffusion potential strongly accelerated the rate of
formation of Ca®'-AT#vase crystals (Dux & Mar-
tonost, 1983 5). insi v negative potential interfered
with the crystailizas:un, and disrupted preformed
Ca? ' -ATPasc cryst.is. Itis assumed that the mem-
brane potential alters the conformational equilibri-

um of Ca?*-ATPasc in a manncr that cither pro-
motes or hinders the interaction between ATPase
molccules, depending upon the direction of the po-
tential (Dux & Martonosi, 19835). These observa-
tions may have physiological significance in light
of the membranc potential changes in sarcoplasmic
reticulum that accompany the uptake and release
of Ca®* in rire (Bezanilla & Horowicz, 1975: Ver-
gara & Bezanilla, 1981) and in ritro (Beeler. 1980;
Beeler, Farmen & Martonosi. 1981).

Incorporation of the Ca?* transport ATPasc
into phospholipid vesicles increases the permeabili-
ty of the membranc by scveral orders of magnitude
(Jilka. Martonosi & Tillack. 1975: Martonosi.
1975 Jilka & Martonosi, 1977). Therefore. in addi-
tion to its role in mediating ATP-dependent active
Ca** transport, the Ca?*-ATPasc also contributes
to the passive pcrmeability of the membranc to
ions and other small molecules. Considering the
cffect of membrane potential on ATPasc-ATPase
interactions (Dux & Martonosi. 19835) and the
potential changes associated with the uptake and
relcase of Ca*™ by sarcoplasmic reticulum (Becler
ctal, 1981 Vergara & Bezanilla, 1981) it is tempt-
ing to speculate that changes in the conformational
equilibrium of Ca?*-ATPasc under the influence
of membranc potential may contribute to the
changes in the Ca?* permeability of sarcoplasmic
reticulum membrane by altering the monomer-
polymer cquilibrium of Ca?*-ATPase (Martonosi
ct al., 1977; Vanderkacoi ct al., 1977)

As a first step to test this hypothesis we ana-
lyzed the cffect of NayVO, upon the magnitude
and duration of membrane potential gencrated by
ion substitutions in rabbit sarcoplasmic reticulum
vesicles, using the voltage sensitive dyes dicthyl-
thiadicarbocyanine and oxonol VI, and compared
the changes in membrane potential with the rate
of crystallization of Ca? ' -ATPasc.
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Materials and Methods

Narcophismie retvulum vesieles were preparred from predomi-
nanthy white rabbit skeletal musele, as deseribed earlier (Noka-
murai et al 19761 with slight modifications (Beeler et al., 1981),

Diftusion potential across the sarcoplasmic  reticulum
membrane was generated by ton substitution, as deseribed in
detail in the tent and i the Figure legends. The difference
absorbances of ononal VIE (Molecular Probes, fne., Junction
City, Oregon) and 3,V diethy]-2. 2 -thiadicarboeyanine (Di— S —
30 (Fastman Kodak, Rochester, New York) were recorded
on an Amince DW-2 spectrophotometer. The absorbance
chamges of ononol VE and Di--85 = CL(5) served 1o evaluate
the changes e inside-positive and mside-negative membrane
potential, respectively (Beeler et al, 1981, Oxonol VI contains
delocalized negative charges and accumulates into compart-
nents under the influence of inside positive potential, resulting
in absorbanee and hiorescence changes, =S —CL(5) a dye
with delocalized positise charges, responds inan analogous
manner o inside negative potential.

For electron microscopy. the vesicle suspensions (=1 my
protetn mi) were placed on carbon-coated parlodion films and
negatively stained with freshly prepared 1% uranyl acctate
(ptl 3.3). The specimens were viewed with a Siemens Llmiskop
102 clectron microscope at 60 kV accelerating voltage, For
matenification calibration catalase crvstals negatively stiined
with 1%s urany! acetate were used.

Results

Ca? ' -ATPASE MEMBRANE CRYSTALS
IN SARCOPLASMIC RETICULUM

Crystalline arrays of Ca?*-ATPasc develop upon
cxposure of sarcoplasmic reticulum vesicles to
Smym Na,VO, in a Ca?*-frece medium. at 2°C
(Fig. 1). The Ca? ' -ATPase crystals arc usually ob-
served on the surface of clongated tubules which
are approximately 600 to 800 A in diameter. The
crystal lattice consists of chains of ATPase dimers
which are in register with neighboring chains, and
surround the tubules in a right-handed helix (Tay-
lor. Dux & Martonosi, 1983a: Peracchia et al. '),
The diagonal fattice arises from superimposition
of the front and rcar images of the collapsed cylin-
ders. The lattice constants are: ¢=56.34 A h =
104.78 A and »=72.72° (Taylor ctal.. 1983).
Under the conditions described in Fig. 1. crystalli-
zation of about 2/3 of the vesicles requires | 1o
2 days.

Very much faster crystallization of the Ca®'-
ATPase was observed after dilution of the vesicles
preincubated  in 0.15 M choline chloride medium
into a medium containing 0.15 m K-glutamate and

'O Peracchia, L Doy & AL Martonosic Crystallization of

intramembrane particles in rabbit sarcoplismic reticulum vesi-
cles by saawdate. Gerprdished)

1.5 Beeler et ab: Na VO, and Membrane Potential
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Fig. 1. Crystalline arravs of Ca-ATPase molecules in rabbit sar-
coplasmic reticulum vesicles. Sarcoplasmic reticulum vesicles
were incubated in 0.1 M KCL 10 my imidazole pH 7.4, 3 mMm
MeCl,. 0.5 mym EGTAL. Smy Na,VO, at 2°C and samples
were taken for negutive staining after 4 days. Magnification:
239519 %

SmMm Na,VO, (Fig. 2). Under these conditions
outward movement of C17 and inward movement
of K* generate an inside positive diffusion poten-
tial across the vesicle membrane. Within 15 see
after dilution. Ca?'-ATPase crystals were ob-
served on the surface of about hall of the vesicles.
Control preparations which were pre-cquilibrated
in K-ghutamate medium, showed essentially no
crystallization 15 see after transfer into K-gluta-
mate medium containing 5§ mM Na,VO, (Fig. 3).
Under these conditions no potential is expeceted
to develop. and significant crystallization requires
several hours of incubation with vanadate.

These observations, together with carlier find-
igs (Dux & Martonosi, 1983 5), establish that con-
dition which are expected to gencrate positive
membe. e potential Facilitate the association of
ATPasc molecules imto extended ervstalline arravs,
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Fig. 2. Rapid crystallization of Ca-ATPase molecules under the
influence of inside positive potential: Sarcoplasmic reticulum
vesicles (10 mg/ml) were preincubated in 0.15 M choline chlo-
ride. 10 mm imidazole pH 7.4, 5 mm MgCl, and 0.5 mv EGTA
for 16 hr at 2°C. and then diluted 10-fold in 0.15 M K-gluta-
mate, 10 my imidazole pH 7.4, § mm MgCl,. 0.5 my EGTA,
5§ mum Na,VO, containing medium. Negative staining was car-
ricd out 1§ sce alter dilution. Magnification: 102,651 x

OXONOL VI SIGNALS IN VANADATE-TREATED
SARCOPLASMIC RETICULUM VESICLES

AFTER TRANSFER FROM CHOLINE CHLORIDE
INTO K-GLUTAMATE MEDIUM

The time course ol the potential change gencrated
by transfer of vesicles from choline chloride into
K-glutamate medium was followed by measuring
the difference absorbance of the voltage sensitive
dye oxonol VI at 625 to 586 nm (Fig. 4).

Dilution of control vesicles from K-glutamate
into K-glutamate media containing 50 us Ca
(Fig. 44, sample 1°) increases the absorbance by
about 0.14 to 0.15 units; the absorbance change
of control samples containing 5 mM  vanadate
(samplc 2°) is significantly smaller. The absorbance
change in control samples rapidly achicves a steady

Fig. 3. Surface structure of vesicles after difution into medium
of tdentical composition. Sarcoplasmic reticuluny  vesicles
(10 mg ml) were pre-incubated in 0015 v K-plutamate, 10 my
imidazole ptl 7.4, Smy MeCl, and 0.5 myv EGTA medium
for 16 hr. then diluted 10-fold in the same medium containing
Smy Nua,VO,. Negative staining was completed 15 see after
dilution. Magnitication: 102,651 x

AA=.05

Fig. 4. Absorbance changes of'ononol VI upon dilution of vesi-
cles pre-equilibrated in choline chloride into K-plutimate medi-
um. Sarcoplasmic reticulum vesicles (30 mg protein ml) were
cquilibrated overnight at 2 °C in medium containing 0,15 s cho-
fine chloride. 10 my histidine (pH 6.5) Sy MgSO,. and
S0 v CaCl,. Inside positive membriane potentials were pener-
ated by diluting 3 ul aliguots of this suspension into 2 ml of
medium  containing 0,15 v K-glutamate, 10 mar histidine
(pH 6.8), 3 my MeSO,. 10 pg ml oxonol VIEand s 80 ps CaCl,
(trace 1): SO ps CaClyo S mat Na, VO, (race 20 T mv EGTA
(trace M2 or 1 EGTAD S my Na VO, (trace 4). The differ-
ence absorbance of oxonol VI at 625 o 586 nm was mcasured
uran Anunco W22 spectrophotometer at 10°C. For contr s,
the sarcoplasnue reticulum vesicles were equtlibrated in K- -
tamate instead of choline chloride medium and diluted as .
seribed above (traces 1740
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Fig. 5. Disruption of Cu®*-ATPase membranc crystals under
the influence of inside negative potential. Sarcoplasmic reticu-
lum vesicles (10 mg/mi) were preerystallized in 0.15 M K-gluta-
mate. 10 mu imidazole pH 7.4, 5 ma MgCl,, 0.5 mym EGTA,
S mu Na, VO, medium at 2°C for 16 hr. Under this condition
65 1o 70% of the vesicles show crystalline arrays (Dux & Mar-
tonosi. 19835h). Negative potential was generated by 10-fold
dilution of the samples in u 0.15 s choline chloride containing
medium of otherwise identical composition. Magnilication:
102,651 x

level that presumably reflects the binding of oxonol
VI to the sarcoplasmic reticulum vesicles in the
abscnce of potential.

Dilution of vesicles from choline chloride into
K-glutamate medium containing 50 um Ca**
(Fig. 4 A, sample 1). causes a much greater absorb-
ance change (44 ~0.20) due to the generation of
inside positive potential; this is followed by a rapid
decline of the optical response as the potential is
dissipated. Dilution into K-glutamate medium
containing 50 pM Ca and 5 mm Na,VO, (Fig. 4 .
sample 2) gave an initial absorbance change of
0.151 which declined to a level intermediate be-
tween that of samples 17 and 2°. The smaller ab-
sorbance change obscrved in the presence of vana-
date (sample 2) may be duc 10 at least two causes:

1. An cffect of Na,VO, on the absorbance of
oxonol VI, as also reflected by the difference be-
tween the absorbance response of the two control
samples (samples 17 and 27).

2. Na, VO, decreases the potential generated by
ion substitution presumably because it changes the
permceability of the membrane to ions.

The difference between samples 1 and 2 cannot
be attributed to crystallization of the Ca®*-
ATPase since 50 um Ca? ' completely inhibits the
formation of Ca* ' -ATPase crystals.

T.J. Beceler et al: Na, VO, and Membrane Potential

In Fig. 4 B a similar experiment is described ex-
cept that the dilution medium contained | mwm
EGTA to lower freec [Ca®*] below 107" M. The
absorbance change observed upon transfer of vesi-
cles from choline chloride into K-glutamate medi-
um containing EGTA is much greater in the ab-
sence (Fig. 4 B, sample 3) than in the presence of
5 mM Na,VO, (Fig. 4 B. samplc 4): in both sam-
ples the difference absorption rapidly decreases
and in the presence of Na,;VO, (sample 4) within
1 to 2 min approaches the level of the correspond-
ing control (sample 4°) without preimposed poten-
tial. In the absence of vanadate (sample 3) the po-
tential signal reaches a relatively steady level 2 min
after dilution, that is significantly greater than in
the control (sample 3’) without pre-imposed poten-
tial. These observations imply that the signal of
oxonol VI to inside positive potential generated
by ion substitution is small and short-lived in the
presence of EGTA and Na,VO,. and within 2 min
the potential is largely dissipated. Therefore condi-
tions that promote the crystallization of Ca?’-
ATPase decrease the potential response of oxonol
VI to ion substitution. presumably by changing
the ion permeability of sarcoplasmic reticulum.

INFLUENCE OF INSIDE NEGATIVE POTENTIAL
UPON PREFORMED Ca?* -ATPast: CRYSTALS

Ca® *-ATPase crystals were formed by incubation
of sarcoplasmic reticulum vesicles in a medium of
0.15M K-glutamate. 10 mM  imidazole pH 7.4,
Smy MgCl,. 0.5 msm EGTA and 5 my Na,VO,
at 2°C for 16 hr. About 2.3 of the vesicles showed
crystalline arrays similar to those in Fig. | on
least a portion of their surface. Dilution of this
suspension into a similar medium in which K-glu-
tamate was replaced with 0.15 M choline chloride
caused the complete disappearance of the crvstal
lattice within 15 to 30 see (Fig. 5). Substitution of
K-glutamate with choline chloride 15 expected to
produce inside negative potential and it is assumed
that the conformational change of the Ca?’-
ATPase under the influence of this potential is re-
sponsible for the disruption and disappearance of
the Ca® *-ATPase crystals.

The time course and magnttude of the potential
were measured using the voltage sensitive dye Di—
S—C.(5) as indicator. Dilution of sarcoplasmic re-
ticulum vesicles equilibrated 1n a4 K-glutamate me-
dium into a medium containing choline chloride
causes a decrease in the diflerence absorbance of
Di—8 — C,(5) at 660 to 700 nm in response to neg-
ative potential: this is followed by a slow return
of absorbance to near starting levels as the poten-
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50 seconds
Fig. 6. Changes in the ubsorbunce of Di — 8~ C,(5) after dilu-
tion of sarcoplasmic reticulum vesicles from K-glutamate into
choline chloride medium. Suarcoplasmic reticulum  vesicles
{30 mg protein/ml) were equilibrated overnight at 2 °C in medi-
um containing 0.15 M K-giutamate, 10 my histidine (pH 6.8),
5 mM MgSO, and 50 um CaCl,. Inside negative potentials were
generated by diluting 4 pl aliquots of this suspension into 2 ml
of medium containing 0.15 M choline chloride, 10 my histidine
(pHt 6.8), 5 mym MgSO,. 10 pg/ml Di—S—~C,(5). | ps valino-
mycin and: 50 pm CaCl, (trace 1); 50 pv CaCly, S my Na VO,
(trace 2): 1 my EGTA (trace 3): 1 my EGTA, 5 mm Nu,VO,
(trace 4). The difference absorbance of Di—S§—CL(5) at 660
to 700 nm was measured in an Aminco DW-2 spectrophotome-
ter at 10°C. For controls, the sarcoplasmic reticulum vesicles
were cquilibrated in choline chloride instead of K-glutamate
and diluted as deseribed above (traces 1°-4°)

tial is dissipated (Fig. 6, samples 1-4). Control
samples diluted from choline-Cl into choline-Cl
(Fig. 6, samples 1'~4") arc not expected to generate
potential and show only a slow increasce in differ-
cnce absorbance that is probably attributable to
slow penetration of the dye into the vesicles. The
ratc of this change is much slower than the change
observed under the influence of potetizal. and is
not likely to affect significantly the conclusions.
The magnitude of the absorbance change is greater
in the absence (samples | and 3) than in the pres-
ence (samples 2 and 4) of vanadate whether the
dilution medium contains 50 psv Ca (samples 1 and
2) or 1 mMm EGTA (samplces 3 and 4).

These observations suggest that Na,VO, de-
creascs the magnitude and duration of the poten-
tial change induced by 1on substitution, presum-
ably duc to a change in the permeability of the
membrancs for ions.

There is no significant difference in the ampli-
tude of the optical response between samples pre-
incubated in the presence of 50 pm CaCl,. that in-
terferes with crystallization of the Ca?'-ATPase
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Fig. 7. Changes in absorbance of Ih—S —C(5) after dilution
of sarcoplasmic reticulum vesicles from K-glutamate into cho-
line chloride medium. Sarcopliasmic reticulum vesicles (30 mg
protein ‘ml) were equilibrated overnight in i medium containing
0.15 M K-glutamate, 10 mM histidine pH 6.8, 5 ma MgSO, . and
cither 30 pm CaCl, (samples 1and 2) or | my EGTA (samples 3
and 4). Samples 2 and 4 contained 5§ my Nu,VO,. During incu-
bation in the presence of EGTA and Na VO, (sample 3) Ca®*-
ATPase crystals develop while samples 1-3 serve as erystal-free
controls. After overnight incubation the sumples were diluted
into media containing 0.13 M choline chloride, 10 mM histidine
pH 6.8, Smy MgSO,. 50 um CaCly and 10 pg m! Di—-S—
C,(5). The difference absorbance of D1 =8~ C(5) was mea-
sured at the wavelength pair of 660 to 700 nm

(Fig. 7. samples 1. 2). and samples pre-incubated
with 1 mM EGTA (Fig. 7. samples 3-4). that pro-
motes crystallization of Ca**-ATPasc in the pres-
ence of Na,VO, (Fig. 7. sample 4). Therefore pre-
existing crystalline arrays of Ca?*-ATPasc do not
affect the magnitude of potential change after
transfer into choline chloride medium. The rate
of disappcarance of the optical response is slightly
faster in samples containing 1 mM EGTA (Fig. 7.
samples 3 and 4) in agreement with carlicr observa-
tions (Duggan & Martonosi. 1970) that EGTA in-
creases the permeability of sarcoplasmic reticulum
membrane. This effect of EGTA is neutralized by
Ca*".

ErrecT OF OTHER [ON SUBSTITUTIONS

Transfer of vesicles from a Na-methancsulfonate
solution into a medium containing K-mcthancsul-
fonate and 1 pum valinomycin also gencrates posi-
live potential and promotes the crystallization of
Ca’*-ATPase (Dux & Murtonosi. 19835h). while
transfer from K-mcthanesulfonate solution into a
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medium of Na-methanesulfonate + | pw valinomy-
cin disrupts Ca?*-ATPasc crystals. Therefore the
cffects described in Figs. 1 through 6 are indeed
attributable to changes in ditfusion potential ac-
ross the sarcoplasmic reticulum rather than to spe-
cific ion effects.

Discussion

Two effects of ion substitutions on the rate of crys-
tallization of Ca? " -ATPasc were observed.

1. Transfer of vesicles from choline chloride
into K-glutamate medium generates an inside posi-
tive potential across the vesicle membrane as indi-
cated by a change in the absorbance of oxonol
V1. The positive trunsmembrane potential favors
the interaction between ATPase molecules with the
formation of crystalline arrays of Ca**-ATPasc
in the presence of Na;VO,, presumably by chang-
ing the disposition of Ca®*-ATPase in thc mem-
brane. Imposition of positive potential in the ab-
sence of Na, VO, did not cause significant crystalli-
zation of Ca?*-ATPasc, although it inhibited the
ATPase and Ca* transport activities of sarcoplas-
mic reticulum (Becler ct al., 1981). Therefore even
in the absence of vanadate, transmembrane poten-
tial affects the conformation of the Ca?*-ATPase
in a functionally important manner.

The absorbance change of oxonol VI caused
by ion substitution is generally smaller under con-
ditions that promotc the crystallization of Ca?*-
ATPase, raising the possibility that the vanadate-
induced formation of Ca®*-ATPasc crystals in-
creases the ion permeability of the membrane and
facilitates the dissipation of transmembrane poten-
tial. A direct cffect of vanadate upon the optical
responsc of oxonol VI is observed even in the pres-
ence of Ca’*, where crystallization cannot take
place. The mechanism of this effeet is not clear.

The crystalline arrays formed under the influ-
ence of positive potential usually occur on spheri-
cal vesicles in contrast to the clongated tubules
that form after several days of crystallization. This
may imply that the formation of tubular structures
1s a sccondary. relatively slow process that follows
the rapid crystallization.

2. Preformed  crystalline  arrays  of Ca’*-
ATPase are disrupted when the microsome suspen-
sion is diluted from K-glutamate into choline chlo-
ride medium. Under these conditions an inside
negative potential develops, as indicated by the ab-
sorbance change of Di—8§ —C,(5). The magnitude
of the optical response is smaller in the presence
than in the absence of vanadate in the dilution
medium. However this difference cannot be attrib-

T.J. Beeler et al.: Na VO, and Membrane Potential

uted to crystallization of Ca? ' -ATPasc since crys-
tallization did not occur in media containing 50 pm
Ca** and al! crystals were destroyed upon dilution
of vesicles from K-glutamate into choline chloride
media. Na,VO, may dircctly interfere with the
optical response of Di—S —C,(5) or could produce
other changes in the membrane not related to crys-
tallization.

The disruption of Ca?*-ATPase crystals by
negative membrane potential is probably attribut-
able to an effect on the conformation of the Ca?*-
ATPase that destabilizes ATPuase-ATPase interac-
tions. Since such interactions are presumed to take
place in the E, conformation of the enzyme (Dux
& Martonosi, 1983¢). positive potential presum-
ably favors the E, conformation, while negative
potential would have the opposite effect.

Although active Ca?* transport gencrates an
inside positive potential (Beeler. 1980 Becler et al..
1981), and a transient negative potential may arise
during activated Ca?* rclease (Becler et al.. 1981;
Vergara & Bezanilla, 1981). there is no indication
so far that these processes would be accompanied
by changes in the monomer-polymer cquilibrium
of the Ca2*-ATPase.
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